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ABSTRACT
We present the new TNG50 cosmological, magnetohydrodynamical simulation – the third and
final volume of the IllustrisTNG project. This simulation occupies a unique combination of
large volume and high resolution, with a 50 Mpc box sampled by 21603 gas cells (baryon
mass of 8×104 M). The median spatial resolution of star-forming ISM gas is ∼100−140 par-
secs. This resolution approaches or exceeds that of modern ‘zoom’ simulations of individual
massive galaxies, while the volume contains ∼ 20,000 resolved galaxies with M? & 107 M.
Herein we show first results from TNG50, focusing on galactic outflows driven by supernovae
as well as supermassive black hole feedback. We find that the outflow mass loading is a non-
monotonic function of galaxy stellar mass, turning over and rising rapidly above 1010.5 M
due to the action of the central black hole. Outflow velocity increases with stellar mass, and at
fixed mass is faster at higher redshift. The TNG model can produce high velocity, multi-phase
outflows which include cool, dense components. These outflows reach speeds in excess of
3000 km/s out to 20 kpc with an ejective, BH-driven origin. Critically, we show how the rela-
tive simplicity of model inputs (and scalings) at the injection scale produces complex behavior
at galactic and halo scales. For example, despite isotropic wind launching, outflows exhibit
natural collimation and an emergent bipolarity. Furthermore, galaxies above the star-forming
main sequence drive faster outflows, although this correlation inverts at high mass with the
onset of quenching, whereby low luminosity, slowly accreting, massive black holes drive the
strongest outflows.
Key words: galaxies: evolution – galaxies: formation – galaxies: outflows and feedback –
circumgalactic medium
1 INTRODUCTION
Energetic outflows driven out of galaxies signpost the resistance of
astrophysical feedback processes against the inevitability of gravi-
tational collapse. By itself, the accretion of gas into dark matter ha-
los and its subsequent cooling onto a centrally forming galaxy (Silk
1977; White & Rees 1978) leads to an excess of baryons across
the mass scale (Thoul & Weinberg 1995). This is evidenced most
clearly by the differential shape of the galaxy stellar mass function
? E-mail: dnelson@mpa-garching.mpg.de
with respect to the underlying dark matter halo mass function from
which it must emerge (Kauffmann et al. 1993; Cole et al. 1994).
To successfully regulate the stellar mass content of galaxies
gas must be prevented from joining the star-forming phase, effi-
ciently ejected out of this phase, or both. Preventive feedback alone
is not thought to be sufficient (Benson et al. 2003), while galac-
tic outflows are both theoretically expected (Tomisaka & Ikeuchi
1988) and observationally detected (Heckman et al. 1990). Physi-
cally, they are expected to be driven by the energy released from
stars and supernovae (Chevalier & Clegg 1985), as well as from
supermassive black holes (Begelman et al. 1991).
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2 D. Nelson et al.
No model for galaxy formation currently succeeds without in-
corporating both mechanisms (Springel & Hernquist 2003; Croton
et al. 2006). Outflows and feedback are therefore a fundamental as-
pect of galaxy formation. However, the underlying physical mech-
anisms are complex (Murray et al. 2005) and operate at extremely
small scales – a supermassive black hole accretion disk (10−5 pc)
is roughly ten orders of magnitude smaller than its host galaxy
or the intracluster medium (105 pc) whose thermodynamics it can
dominate (Tabor & Binney 1993; McNamara et al. 2000; Fabian
et al. 2003). As feedback-driven outflows are both difficult to sim-
ulate and difficult to observe, the topic invites study (reviewed in
Veilleux et al. 2005; King & Pounds 2015; Heckman et al. 2017).
1.1 Observations of galactic outflows
Pioneering studies have demonstrated the existence of outflows in
the local universe (Heckman et al. 1990; Lehnert & Heckman 1996)
and at high redshifts z > 2 (Pettini et al. 2001). Galactic outflows
are understood to be ‘ubiquitous’ in star-forming galaxies (Shap-
ley et al. 2003; Martin 2005; Weiner et al. 2009; Zhu et al. 2015),
implying that normal main-sequence galaxies continuously drive
winds. Observational probes for the incidence and properties of
outflows extend from z ∼ 0, including analyses of SDSS (Chen
et al. 2010) through z ∼ 0.5 − 1 (Rubin et al. 2010, 2011) to the
peak epoch of cosmic star formation at z ∼ 2 − 3 in both ab-
sorption (Steidel et al. 2010) and emission, focusing on star for-
mation (SF)-driven outflows (Newman et al. 2012; Genzel et al.
2014) and blackhole/active galactic nuclei (AGN) sources (Harri-
son et al. 2016; Leung et al. 2017; Circosta et al. 2018) even up to
z & 5 quasars (e.g. Bischetti et al. 2018).
Gas which makes up such a galactic-scale wind can be identi-
fied in a number of different phase tracers (Cicone et al. 2018): cold
gas (e.g. . 104 K) including molecules such as CO (Fluetsch et al.
2018) as well as neutral HI and metals such as NaD (Concas et al.
2017; Bae & Woo 2018). Cool gas (e.g. ∼ 104 K) including metal
ion tracers such as FeII, MgII and OIII (Martin & Bouche´ 2009;
Rubin et al. 2014), as well as hydrogen in the form of Hα (Shapiro
et al. 2009). Warm gas (e.g. ∼ 105 K - 106 K) can also be traced
by ionized metals such as OVI (Kacprzak et al. 2015; Nielsen et al.
2017). Finally, hot gas (e.g. & 106 K) as observed at x-ray wave-
lengths (Lehnert et al. 1999; Strickland & Heckman 2009).
Except in the most local examples, observations of more
than one of these outflow phases in the same system are rare.
When available, such data imply that outflows are multi-phase,
having several co-spatial, possibly kinematically coherent compo-
nents with a large range in density and temperature (Heckman et al.
2017). Different phases can have significantly different inferred
outflow velocities (Grimes et al. 2009). Typically, information is
only available on one phase, so an inferred outflow rate of mass,
energy, or momentum may only be a fraction of the total (Fo¨rster
Schreiber et al. 2018a). This is particularly problematic when com-
paring data and theoretical models, for example of mass loading
factors η = M˙out/M˙? or outflow velocities, as we explore below.
Only in the past few years have we begun to spatially resolve
outflows with integral field units (IFU) surveys (Rupke et al. 2017).
Recent explorations with MUSE have demonstrated the power of
blind, deep fields out to high-z (Finley et al. 2017; Feltre et al.
2018) as well as resolved detail at low-z (Venturi et al. 2018).
Data from the KCWI instrument has revealed E+A galaxies host-
ing strong conical outflows, and shown how MgII-traced outflows
can be mapped in spatially resolved emission (Baron et al. 2018,
Burchett et al. in prep). Studies using SINFONI have shown how
AO-assisted ground-based IFU data can connect galaxy and out-
flow properties on resolved, kpc scales at z ∼ 2 (Fo¨rster Schreiber
et al. 2018b; Davies et al. 2018; Circosta et al. 2018).
From the observational point of view, even identifying a given
data feature as an outflow can be challenging. For direct ‘down the
barrel’ spectral observations of a host galaxy, two orthogonal tech-
niques are at play: absorption and emission. A blue-shifted absorp-
tion line can be interpreted as an intervening mass of the given gas
tracer, flowing towards the observer and so away from the galaxy,
blocking some of its background continuum light. While the line
center offset from systemic gives an indication of the velocity of
the bulk of the material, the shape (equivalent width) simultane-
ously encodes the full velocity distribution of the outflowing mate-
rial, the covering factor of the observed phase, and the optical depth
(Chen et al. 2010). Optical emission-line profiles are often asym-
metric in shape, plausibly consisting of superimposed narrow and
broad components, the latter preferentially blueshifted. These can
be understood as a galactic-scale outflow, where obscuration by the
interstellar medium (ISM) of the host galaxy hides the receding,
redshifted gas (Armus et al. 1989).
Studies in absorption as well as emission must make a large
number of assumptions to convert observed quantities to physical
values. There are enough caveats that final uncertainties are large
(Chisholm et al. 2017). Given the breadth of techniques, defini-
tions, galaxy selection functions, mass and redshift coverage, and
physical assumptions, even fundamental scaling relations between
outflow properties (e.g. velocity, mass/energy loading) and host
galaxy properties (e.g. stellar mass, star formation rate, black hole
luminosity) are often revised (Rupke et al. 2005; Perna et al. 2017).
As a result, and despite the abundance of evidence for the
existence of outflowing gas around galaxies, questions of its ori-
gin (launch mechanism, energy source) as well as its eventual fate
(ability to escape the galaxy, dark matter halo, or to return as a recy-
cled fountain flow) remain largely open topics. Of particular inter-
est is our ability to discriminate winds with stellar versus black hole
feedback origins. In particular, the correlations of outflow proper-
ties with the star formation and black hole activity of the galaxy
itself can shed light on this dichotomy (Fo¨rster Schreiber et al.
2018a), ultimately providing a crucial view of, and constraint on,
astrophysical feedback processes.
1.2 Cosmological hydrodynamical simulations
One promising avenue to study this interplay of feedback, out-
flows, and the subsequent cycle of baryons in and around galaxies
is through cosmological hydrodynamical simulations (see review
in Somerville & Dave´ 2015). Recent large-volume efforts have
clarified the need for efficient outflows in order to make realistic
galaxy populations whose characteristics and integral properties are
roughly in agreement with observational constraints (Vogelsberger
et al. 2014; Genel et al. 2014; Crain et al. 2015; Schaye et al. 2015;
Dubois et al. 2016). These simulations have started to disentangle
the dominant physics driving galaxy formation, understanding not
only mean relations and ‘typical’ galaxies (Genel et al. 2018), but
also outliers and unique examples (Zhu et al. 2018) – providing, as
a result, interpretation for a diverse array of observations.
The IllustrisTNG project (Pillepich et al. 2018b; Naiman et al.
2018; Nelson et al. 2018a; Marinacci et al. 2018; Springel et al.
2018) is a recent addition to this class of simulation. The first two
simulations of this effort, TNG100 and TNG300, realize volumes
of ∼ 1003 and ∼ 3003 comoving Mpc3, respectively. This allows
them to sample galaxy populations which include hundreds of thou-
TNG50: Outflows 3
sands of objects with M? > 109 M by z = 0. However, the un-
avoidable trade off in such population-level statistical power is –
by construction – limited resolution.
With baryon mass resolutions of ∼ 106 M (corresponding
roughly to the canonical ‘1 kpc’ spatial resolution) of the current
generation of cosmological volumes, we can realistically study the
structure of galaxies with M? & 109 M. This hinders investigation
of many interesting scientific questions, particularly those related
to the structural properties of the stellar and gaseous components
of galaxies, the internal structure of disks and their ISM, the co-
evolution of black holes and galactic nuclei, feedback, and the re-
sulting baryon cycle of inflows and outflows.
These small-scale phenomena are frequently investigated with
‘zoom’ simulations of individual galaxies (Hopkins et al. 2014),
with project campaigns of order 10 to 100 galaxies in total (Wang
et al. 2015), often oriented around a focus such as Milky Way mass
halos (Grand et al. 2017), Local Group analogs (Sawala et al. 2016)
or the challenging regime of galaxies in high-density cluster envi-
ronments (Bahe´ et al. 2017; Tremmel et al. 2018). However, zoom
simulations immediately sacrifice one of the greatest advantages of
cosmological simulations – namely, the ability to make statistically
robust statements about large, unbiased populations and thereby
comment on galaxy formation and evolution in full generality.
Together with the companion paper (Pillepich et al. 2019) we
here present the new TNG50 simulation, the third and final volume
of the IllustrisTNG project. TNG50 has been designed to overcome
the resolution/volume limitation by simulating a large, cosmologi-
cal volume at a resolution which approaches or even exceeds that
of modern ‘zoom’ simulations of individual galaxies. It enables an
insightful view into the structure, chemodynamical evolution, and
small-scale properties of galaxies and their halos.
1.3 Simulation work on outflows
At small scales there are many idealized studies aimed at under-
standing the details of supernova-driven wind launching mecha-
nisms (Girichidis et al. 2016; Fielding et al. 2017; Kim & Ostriker
2017) or detailed phase-interaction physics (Richings & Faucher-
Gigue`re 2018; Schneider & Robertson 2018). General relativistic
(GR)MHD simulations explore black hole outflow phenomena in-
cluding both winds and jets (Blandford & Begelman 1999; McK-
inney et al. 2014), recently reviewed in Yuan & Narayan (2014).
One of the long-term goals of such efforts is to capture and
parameterize the emergent behavior at larger scales in order to de-
velop effective models which can be used in full galaxy or cos-
mological simulations. The sophistication of such effective models
is presently limited by several factors, most critically the finite nu-
merical resolution available. As it will be impossible to ever resolve
the energy injection scales of critical astrophysical processes, sub-
resolution (or sub-grid) approximations are unavoidable.
As a result, cosmological simulations have rarely if ever been
compared directly to outflow observations (i.e. the baryon cycle),
but rather to indirect properties such as the amount of metals left in
the ISM (Torrey et al. 2017), the ionized metal content of the cir-
cumgalactic medium (Nelson et al. 2018b), or the stellar formation
efficiency of the galaxy itself (Pillepich et al. 2018b).
Notably, Oppenheimer et al. (2010) studied SN wind-driving
models in early cosmological simulations, emphasizing the impor-
tance of recycling and the dependence of recycled accretion on the
balance between mass loading and outflow velocity. In the context
of the more realistic FIRE model, Muratov et al. (2015) presented
measurements of the scaling of mass loading (and outflow veloc-
ity) which decrease (increase) strongly with M?, such that lower-
mass progenitors at early times would have had much higher mass
loadings than their present day descendants. Similarly, Christensen
et al. (2016) evaluated outflow scalings (and metal content; Chris-
tensen et al. 2018) over a similar mass range (halos < 1012 M) and
zoom sample size (∼10 - 20) using a delayed cooling blastwave SN
feedback model, emphasizing the importance of ejective feedback
(i.e. high mass loadings) towards low M?.
Non-cosmological, idealized simulations of dwarf galaxy
disks enable the possibility of higher resolution and sophisticated
physical modeling, and have started to explore the phase-structure
and feedback dependencies of galactic outflows. Emerick et al.
(2018) highlight how different treatments of the radiative feedback
from young stars can modify the mass loading and temperature of
outflows. Hu (2018) demonstrate how different SN energy injection
schemes similarly lead to different outflow properties – in particu-
lar, that a terminal momentum injection approach does not produce
the same pressure-driven wind as when residual thermal energy is
also accounted for (see also Smith et al. 2018).
None of these works have emphasized any direct observa-
tional signatures of their outflows, i.e. forwarding modeling. Re-
cently, Tescari et al. (2018) made a first comparison between EA-
GLE ‘warm gas’ and spatially resolved SAMI/IFU Hα emission to
relate gas kinematics to wind signatures. The notable exception is
Ceverino et al. (2016), who generated synthetic Hα emission line
profiles of z ∼ 2 zoom galaxies and correlated their information
content with intrinsic outflow properties. Any robust comparison
between outflow observations and hydrodynamical simulations will
require such progress in the future, as we discuss below.
All of these investigations have focused exclusively on SN-
driven outflows, mostly in models specifically neglecting BH feed-
back, which is however thought to play a dominant role in outflow
production in massive galaxies. For example, the Muratov et al.
(2015) measurement of ηM scalings in FIRE fails to capture the on-
set of the BH mechanism at M? & 1010.5 M and therefore misses
the inversion of this relation towards higher masses, as we demon-
strate below. A notable exception is Brennan et al. (2018), which
explores a kinetic BH feedback model in a suite of 24 zooms (halos
1012 − 1013.5 M), showing how black holes can produce faster out-
flows (up to 1000 km/s) which travel farther and are thus less likely
to be subsequently recycled (see also Nelson et al. 2015).
The detailed properties (as opposed to the consequences) of
SN and BH-driven outflows, as well as the interplay between these
two origin mechanisms, have not yet been studied with cosmologi-
cal simulations, nor across a full sampling of the galaxy mass range,
from M? = 107 M dwarfs to M? = 1011.5 M BCGs.
1.4 The present work
We first present the TNG50 simulation, a new class of cosmolog-
ical volume simulation realized at a resolution of modern ‘zoom’
simulations of individual galaxies. Leveraging this new tool, we
describe first results focusing on the properties of galactic outflows
in the cosmological setting and with respect to the galaxies from
which they arise. In this context we are not trying to understand
the launching mechanism or the relevant microphysics, but rather
the way in which outflows shape the galaxy population as a whole,
modulate galaxy evolution, and generate associated observational
signatures. As emphasized above, the feedback models in simula-
tions such as TNG are effective in nature, meaning that the outflow
properties of the model at injection are an input rather than an out-
put of the model. We therefore contrast, throughout this work, our
4 D. Nelson et al.
results on the emergent properties of galactic outflows with the as-
sumptions of the underlying physical models.
TNG50 incorporates unchanged a robust scheme for cosmo-
logical magnetohydrodynamics coupled to a comprehensive and
well-validated model for galaxy formation physics (Weinberger
et al. 2017; Pillepich et al. 2018a). This motivates our study of
the resulting outflows, as they reflect the net outcome of a model
which produces a realistic galaxy population matching many key
properties and scaling relations of observed galaxies (see Pillepich
et al. (2019) in the context of TNG50 galactic structural proper-
ties). The TNG model was designed via calibration against a num-
ber of observations, mainly at z = 0 (see Pillepich et al. 2018a, for
a detailed discussion of our calibration/tuning), and parameters re-
lated to feedback processes at the smallest scales are arguably the
most important ingredient of such a model. We focus here on in-
termediate and high redshift, namely z = 1, z = 2, and above, as
particularly interesting and observationally rich epochs of galaxy
assembly and galactic-scale outflows.
The paper is organized as follows: in Section 2.1 we intro-
duce the TNG50 simulation and the TNG model for galaxy forma-
tion, while Section 2.3 details the methodology and analysis de-
tails for our study of outflows. Section 3 presents our results: the
high redshift galaxy population of TNG50 (Section 3.1); measure-
ment of mass outflow rates and mass loading factors (Section 3.2);
outflow velocities and the ability of BHs to generate & 3000 km/s
flows (Section 3.3); the multi-phase character of our outflows (Sec-
tion 3.4); the angular dependence of winds and their hydrodynamic
collimation (Section 3.5); and correlations between outflows and
the properties of their host galaxy and central black hole, in com-
parison to observed relations (Section 3.6). Section 4 discusses fu-
ture directions and comparison with observations, while Section 5
summarizes our conclusions. Finally, Appendix A presents halo-
normalized outflow velocity measurements for comparison.
2 METHODS
2.1 The TNG Simulations
The IllustrisTNG project1 (Nelson et al. 2018a; Naiman et al. 2018;
Pillepich et al. 2018b; Marinacci et al. 2018; Springel et al. 2018) is
a series of three large cosmological volumes, simulated with gravo-
magnetohydrodynamics (MHD) and incorporating a comprehen-
sive model for galaxy formation physics (Weinberger et al. 2017;
Pillepich et al. 2018a). All aspects of the model, including parame-
ter values and the simulation code, are described in these two meth-
ods papers and remain in practice unchanged for our production
simulations, and we give here only a brief overview.
The TNG project includes three distinct simulation volumes:
TNG50, TNG100, and TNG300. The larger two have previously
been presented: these are TNG100, which includes 2×18203 res-
olution elements in a ∼ 100 Mpc (comoving) box, and TNG300,
which includes 2×25003 resolution elements in a ∼ 300 Mpc box.
Here we present the third, final, and by far most computationally
demanding simulation of the IllustrisTNG project: TNG50, our
high-resolution effort. This run includes 2×21603 resolution ele-
ments in a ∼ 50 Mpc (comoving) box. In TNG50 the baryon mass
resolution is 8.5 × 104 M, the gravitational softening lengths are
290 parsecs at z= 0 for the stars and dark matter, while the gas soft-
ening is adaptive with a minimum of 74 comoving parsecs. TNG50
1 http://www.tng-project.org
Table 1. Key details of the TNG50 simulation in comparison to its larger
volume siblings. These are: the simulated volume and box side-length (both
comoving), the number of initial gas cells, dark matter particles, and Monte
Carlo tracers. The mean baryon and dark matter particle mass resolutions, in
solar masses. The minimum allowed adaptive gravitational softening length
for gas cells (comoving Plummer equivalent), the redshift zero softening of
the collisionless components in physical parsecs, and CPU time.
Run Name TNG50 TNG100 TNG300
Volume [ Mpc3 ] 51.73 110.73 302.63
Lbox [ Mpc/h ] 35 75 205
NGAS - 21603 18203 25003
NDM - 21603 18203 25003
NTR - 21603 2 × 18203 25003
mbaryon [ M ] 8.5 × 104 1.4 × 106 1.1 × 107
mDM [ M ] 4.5 × 105 7.5 × 106 5.9 × 107
gas,min [ pc ] 74 185 370
DM,stars [ pc ] 288 740 1480
CPU Time [ Mh ] 130 18 35
has roughly fifteen times better mass resolution, and two and a half
times better spatial resolution, than TNG100. This represents an
unprecedented combination of resolution and volume for a cosmo-
logical hydrodynamical simulation, which approaches or exceeds
that of modern ‘zoom’ simulations of individual galaxies. The main
parameters of the three TNG volumes are compared in Table 1.
TNG uses the AREPO code (Springel 2010) which solves for
the coupled evolution under (self-)gravity and ideal, continuum
MHD (Pakmor et al. 2011; Pakmor & Springel 2013). Gravity em-
ploys the Tree-PM approach, and the fluid dynamics use a Go-
dunov type finite-volume scheme where an unstructured, moving,
Voronoi tessellation provides the spatial discretization. The simu-
lations include a physical model for the most important processes
relevant for the formation and evolution of galaxies. Specifically:
(i) gas radiative processes, including primordial/metal-line cooling
and heating from the background radiation field, (ii) star formation
in the dense ISM, (iii) stellar population evolution and chemical en-
richment following supernovae Ia, II, as well as AGB stars, with in-
dividual accounting for the nine elements H, He, C, N, O, Ne, Mg,
Si, and Fe, plus NS-NS byproducts, (iv) supernova driven galactic-
scale outflows or winds, (v) the formation, coalescence, and growth
of supermassive black holes, (vi) and dual-mode BH feedback op-
erating in a thermal ‘quasar’ state at high accretion rates and a ki-
netic ‘wind’ state at low accretion rates. Note that TNG does not
yet include an explicit treatment of radiation nor cosmic rays, both
of which could plausibly affect the phase structure of outflows.
Black holes are seeded in massive halos and then accrete
nearby gas at the Eddington limited Bondi rate. Based on this ac-
cretion rate, their feedback mode is determined. When the Edding-
ton ratio exceeds a threshold of χ = min[0.002(MBH/108M)2, 0.1]
thermal energy is injected continuously into the surrounding gas.
The rate is ∆Ehigh = f,highrM˙BHc2 where f,high is the high-state
coupling efficiency, r is the radiative accretion efficiency, and
f,highr = 0.02. Below this threshold, kinetic energy is injected as a
time-pulsed, oriented ‘wind’ with a random direction which reori-
ents for each event. The rate is ∆Elow = f,lowM˙BHc2 with f,low 6 0.2
(its typical value at onset), the efficiency decreasing at low environ-
mental density (see Weinberger et al. 2017).
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Galactic-scale outflows generated by stellar feedback are
modeled using a kinetic wind approach, whereby the available en-
ergy from SNII is used to stochastically eject star-forming gas
cells from galaxies. The injection velocity of such wind particles
is vw ∝ σDM where σDM is the local dark matter velocity disper-
sion, subject to a minimum vw,min = 350 km/s. The mass loading of
the winds is then η = M˙w/M˙SFR = 2(1 − τw)ew/v2w where τw = 0.1
is the thermal energy fraction and ew is a metallicity dependent
modulation of the canonical 1051 erg available per SNII. Wind par-
ticles are hydrodynamically decoupled from surrounding gas until
they exit the dense, star-forming environment. This occurs when
the wind reaches a background density lower than 0.05 times the
star-formation threshold, or after 0.025 of the current Hubble time
elapses, and typically within a few kiloparsecs. The total energy
available to drive winds from a gas cell therefore depends on its
instantaneous star formation rate as E˙w = ewM˙SFR which is roughly
' 1041−1042 erg/s M˙SFR/(M/yr) depending on the local gas metal-
licity (see Pillepich et al. 2018a).
In Figure 1 we offer a comparison between recent cosmo-
logical hydrodynamical simulations of galaxy formation, putting
TNG50 in context given its combination of volume and resolution,
which uniquely positions it in this space. TNG50 is by far the most
computationally demanding run of the TNG suite, and one of the
most ambitious cosmological simulations to date.
We adopt a cosmology consistent with the Planck Collab-
oration (2016) results, namely ΩΛ,0 = 0.6911, Ωm,0 = 0.3089,
Ωb,0 = 0.0486, σ8 = 0.8159, ns = 0.9667 and h = 0.6774.
2.2 Model update for TNG50
To execute the TNG50-1 (highest resolution level of the TNG50
volume) simulation a minor change has been made to the fiducial
TNG model. With the inclusion of MHD, we found that extremely
dense gas cells often have PB  Pgas. The resulting Courant-like
constraint on the hydrodynamical timestep, restricted by the mag-
netic signal velocity instead of the sound speed, requires physical
timesteps as small as 10 years at the resolution of TNG50-1. Such
high-density gas should naturally convert rapidly into stars, but in
the fiducial configuration the numerical timestep decreases faster
than the star formation probability increases (with increasing gas
density), leading to an unfavorable race condition. We instead want
that gas cells with extremely short star formation timescales convert
into collisionless star particles in a reasonable number of numerical
timesteps. We have therefore modified the base Springel & Hern-
quist (2003) star formation model, wherein the dependence of the
star formation timescale on density t?(ρ) is given by (Eqn. 21)
t?(ρ) = t?0
(
ρ
ρth
)−α
(1)
where t?0 is a model parameter which modulates the global gas
consumption time-scale, and ρth is a model parameter setting the
threshold density for star formation. In the fiducial configuration,
used for all simulations employing this model, the choice of α =
1/2 has been made, corresponding to the canonical assumption that
t? is proportional to the local dynamical time of the gas.
Instead, for TNG50-1, we postulate a somewhat steeper de-
pendence of the star formation rate on gas density only for the dens-
est gas. We take α = 1 for gas above the runaway threshold, which
is defined as the density where the slope of the effective pressure
versus density curve neff < 4/3. At this point the effective pressure
can no longer support gas against dynamical instabilities, and this
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Figure 1. The TNG50 simulation occupies a unique region of parame-
ter space for typical cosmological hydrodynamical simulations. TNG50 in-
cludes 2×21603 resolution elements, giving a baryon mass resolution of
8.5 × 104 M with adaptive gas softening down to 74 comoving parsecs.
This approaches or exceeds that of modern ‘zoom’ simulations of individual
galaxies, while maintaining the statistical power and unbiased sampling of
the full ∼ 50 cMpc cosmological volume. Here we show TNG50 (dark blue)
in comparison to other cosmological volumes (circles) and zoom simulation
suites (diamonds) at z ∼ 0, based on the total number of resolved galaxies
(i.e. at least 100 star/gas particles) with M? > 109 M. For TNG50 we also
indicate Ngal above 107 M (rightmost blue circle), which are still resolved
at this level – as in many zooms, but in contrast to other large-volume sim-
ulations. The computational difficulty of pushing towards the upper right
represents the frontier for next-generation galaxy formation simulations.
occurs at 24.4 cm−3, which is ∼ 230 ρth. Since the star formation
rate goes as M˙? ∝ ρα, this implies the physical ansatz of more rapid
star formation in the densest environments – the nuclear starburst
regime of galactic disks, for instance.
In practice, this change was taken for numerical reasons, and
we have verified with test simulations at full resolution (10243 par-
ticles in 25 Mpc/h volumes) that this change affects a negligible
amount of gas, by mass or by number, and has no impact on galac-
tic structure nor galaxy population statistics, at any redshift.
2.3 Measuring Outflow Rates and Velocities
To compute mass outflow rates two orthogonal techniques exist: (i)
deriving instantaneous fluxes based on gas kinematics at one point
in time (e.g. Ocvirk et al. 2008), and (ii) deriving mass fluxes by
tracking the Lagrangian evolution of gas mass across two distinct
points in time (e.g. Nelson et al. 2013). As only the former has the
possibility for direct comparisons to observables, we here focus on
these instantaneous rates. We compute the radial mass flux of all
the gas cells in a thin shell centered on a galaxy as
M˙ =
∂M
∂t
∣∣∣∣∣
rad
=
1
∆r
N∑
i=0|ri−r0 |<∆r/2
(
vi · ri
|ri| mi
)
(2)
where the subscript i enumerates all the gas cells with mass mi in
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a particular volume of space, taken as a spherical shell with some
thickness ∆r and mean distance r0 from a central galaxy. We calcu-
late M˙ for a range of r0 and corresponding ∆r values, 5 kpc thick
in the inner halo coarsening outwards. The cell position ri is rela-
tive to the subhalo center, taken as the position of the particle/cell
with the minimum gravitational potential, while the velocity vi is
relative to the subhalo center of mass motion, accounting for local
Hubble expansion. vrad > 0 denotes outflow, and vrad < 0 is inflow.
Herein we frequently decompose the outflowing gas by its in-
stantaneous properties, whereby M˙ has parameter dependencies:
M˙ = M˙ (z,M?; r, vrad, ρ,T,Z) . (3)
To compute this distribution for each galaxy (with a given redshift
and stellar mass) we calculate the radial mass flux of each gas cell
and take the 5D histogram of this mass flux, or mass outflow rate,
binning in the gas properties of interest above: radius, radial veloc-
ity, density, temperature, and metallicity. A total mass outflow rate
is derived by marginalizing over the state of the gas (i.e. ρ,T,Z)
and satisfying a threshold in outflow velocity of vrad > vthresh. We
frequently require only vrad > 0 km/s to define outflowing mate-
rial, though higher values are also considered as conservative limits
and/or to mimic observational sensitivity limits.
In measuring total mass outflow rates, mass loading factors,
or outflow velocities, we consider actual gas cells as well as wind-
phase particles, the latter of which are generated by the TNG
wind model (see Pillepich et al. 2018a) and are hydrodynamically
(though not gravitationally) decoupled from their surrounding gas
for the duration of their existence, which is typically restricted to
small distances away from galaxies. At r & 10 kpc, where we gen-
erally focus our analysis, wind-phase particles are a negligible con-
tribution and outflows are hydrodynamically resolved. Excluding
wind particles has only a minor effect on all our measurements,
and we include them as a relevant component of our simulations,
one currently modeled at a particularly simple level (i.e. with strong
sub-grid assumptions about phase structure and interaction).
To explore trends of outflow velocity, we must reduce the
complex distribution of outflow velocities around a galaxy down to
a single number vout. We do so by taking mass outflow rate weighted
percentiles of vrad. In particular, we define the quantity vout,N as the
radial velocity above which (1−N)% of the outflow is moving. For
example, vout,90 = 500 km/s implies that ten percent of outflowing
mass flux is moving 500 km/s or faster. The ‘median’ value vout,50
therefore gives the speed achieved by at least half of the total out-
flow mass flux. This quantity can be measured at a particular radial
distance from the galaxy, vout,50,r=10kpc for example.
We note that these theoretical velocity percentiles may be sim-
ilar, but not directly comparable to, observational measurements of
outflow velocity (e.g. ‘v05’ or ‘v90’ in the literature), because we
consider 3D vrad instead of 1D projected vLOS, our velocities are
mass flux (not optical depth or emission) weighted, and we do not
yet attempt any modeling of synthetic spectral features.
We define and measure a mass loading factor with respect to
the star formation rate of the galaxy in the usual way,
ηSNM =
M˙out
M˙?
. (4)
This measure is typically used in the context of supernovae-driven
winds, to diagnose the relative efficiency of stellar feedback pro-
duced galactic-scale outflows. It has the same dependencies as the
mass outflow rate, namely ηM = ηM (z,M?; r, vrad, ρ,T,Z).
We typically drop the superscript ‘SN’, which emphasizes that
the normalization (denominator) assumes that stellar feedback is
the relevant energetic source. As BH energy injection is typically
coexistent and always present, we always interpret its possible role
in setting ηM or contributing to any measured M˙out.
2.4 Galaxy Identification and General Properties
Subhalos are identified with the SUBFIND algorithm (Springel et al.
2001), and we exclusively consider central (non-satellite) galaxies
with 7 < log(M?/M) < 11 at redshifts z > 1.
Throughout this work we take 30 physical kpc aperture val-
ues for the stellar mass M? of a galaxy. We compute star formation
rates M˙? within the same aperture and with a temporal smoothing
of 100 Myr, as appropriate for observationally derived SFR indica-
tors based on the infrared or 24µm measurements (Calzetti 2008),
using an accounting of recently formed stars, rather than the instan-
taneous star formation rate of dense gas.
We compute the bolometric luminosities of accreting black
holes under the assumption of a M˙-dependent radiative efficiency
(following Churazov et al. 2005; Weinberger et al. 2018) as
Lbol =

r M˙ c2 ; λedd > 0.1
10 λ2edd LEdd ; λedd < 0.1
 , (5)
where λedd = M˙/M˙edd is the Eddington ratio, Ledd = M˙eddc2 is
the Eddington luminosity, and M˙edd = 4piGMBHmp/(rσTc) the Ed-
dington accretion rate, with the usual fundamental constants. Lbol
is an intrinsic luminosity – obscuration is not included.
3 RESULTS
3.1 TNG50: Resolving outflows from resolved galaxies
The fundamental means by which feedback regulates galaxy for-
mation and evolution is by generating non-gravitational motions
in the gas. Energy injection gives rise to outflows, the subject of
this paper, which are particularly evident in the velocity structure
of the cosmic gas surrounding galaxies. To set the stage, Figure 2
therefore visualizes the time evolution of a strong BH-driven out-
flow in TNG50 originating from a massive M? ' 1011.4 M galaxy
at z ∼ 2. We show gas velocity (left column) and gas tempera-
ture (right column), with time progressing downwards, each row
roughly 100 Myr apart. Energy injection from the BH produces a
high-velocity, large-scale, and highly collimated (directional) out-
flow. The gas reaches velocities & 2500 km/s even as it crosses the
halo virial radius (shown as the circle in the last row).
This halo-scale outflow results from numerous, high time ca-
dence energy inputs within a spatial region of . 150 pc: in the cen-
ter of the upper right panel, five distinct events are already visible
as loop-like features in temperature which have begun to flow out-
wards. The most recent (smallest) has already reached a distance
of ∼ 4 kpc from the SMBH, which has a mass of 108.7 M and is
accreting gas at a rate of M˙BH ' 10−2 M yr−1, such that it is in the
‘low accretion state’ of the TNG model. It has an Eddington ratio of
λedd ' 0.002 and a bolometric luminosity of only Lbol ' 1042.3 erg/s
(cf. the system of May et al. 2018). This initial ‘burst’ of energy in-
puts is followed by continual, though less frequent, feedback from
the BH over the next ∼500 Myr. The central galaxy is the eighth
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Figure 2. Visualization of black hole feedback driving a large-scale galactic outflow in TNG50. We show the time evolution with five snapshots spanning 370
Myr starting from z = 1.8 (rows, from top to bottom), tracking a single massive galaxy with M? ' 1011.4 M which is currently in the process of quenching.
The left column shows the gas velocity field, while the right shows gas temperature, on the scale of the virial radius (white circles, final row). Each panel is 550
kpc x 275 kpc, with a thin projection depth of 10 kpc. The dense ISM of the galaxy itself is oriented vertically, edge-on, visible as the blue disk in temperature.
The central black hole with a mass of 108.7 M is in the low-accretion state and its kinetic feedback drives a large-scale collimated outflow.
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Figure 3. The same time evolution series of a z ∼ 2 black hole driven outflow as in Figure 2, where we show gas column density (left) and gas metallicity
(right). The highly directional, jet-like flow drives shells of gas which pile up along an expanding front, producing under-dense cavities in their wake. These
cavities are hot, over-pressurized, and expand coherently to the scale of rvir; they are able to launch high metallicity ISM gas entirely out of the halo.
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most massive at this time in TNG50, with a SFR of ' 50 M yr−1,
log(sSFR) ' -9.7 yr−1, and is in the process of quenching.
We see that the outflow heats two centrally offset lobes to tem-
peratures & 107.5−108 K. A succession of cocoon like shells pile up
as they encounter resistance propagating through the halo gas. Al-
though not shown here, energy dissipation due to hydrodynamical
shocks traces the outer envelopes (i.e. density edges) of individual
bubbles. The outflow geometry is more jet-like in its collimation
than bipolar, being quite linear along the horizontal direction. The
overall morphology is reminiscent of early simulations by Suchkov
et al. (1994) of superwind structure, as well as radio observations of
Cecil et al. (2001) who studied the coherence of the magnetic field
inside similarly trailing lobes. That work suggested vortex-like dy-
namics at the edge of the bubble could loft material outwards, while
inversion of the observed rotation measure across the boundary im-
plied a separation of outflow and infall regions – signatures in the
magnetic field topology which could be explored in TNG50.
The occasional tilt with respect to the host rotation axis (as
seen in the first and last rows) could, if the outflow origin was stel-
lar in nature, reflect asymmetries in the distribution of rapidly star-
forming gas and young stars. Here it is instead due to a large mo-
mentum injection by the BH in a random direction (e.g. Schmitt
et al. 2002; Liska et al. 2018) which then propagates along a pre-
ferred direction. We discuss this natural collimation in Section 3.5.
The structure is not bi-symmetric as is the case in idealized
jet/wind models, and asymmetries of the outflow at larger, halo
scales are expected in this more realistic setting (Nelson et al.
2016). In particular, the left lobe is more pronounced, sustaining
higher velocities, than the right lobe in the last two time snap-
shots. This is plausibly due to density fluctuations in the halo gas
of the host galaxy. In particular, we see how an intruding satellite
at ∆t = 270 Myr is shredded as it passes through pericenter, pop-
ulating the inner halo to the right of the central disk with dense
gas structures which likely help inhibit outflow propagation in that
direction.
Figure 3 shows the same time sequence, this time in projected
gas column density (left) and gas-phase metallicity (right). At the
final ∆t = 370 Myr the remnants of this merging satellite are clearly
visible as a number of dense gas fragments flowing outwards – a
feature which could easily be mistaken as a feedback-driven out-
flow. The most striking feature in the density projections is the
bipolar cavity structure, which inflates from a few kpc to the scale
of the virial radius over the span of a few hundred Myr. Along the
edges of each cavity accumulated shells of swept up and ejected
mass are clearly visible as strong density contrasts relative to the
under dense, post-shock regions in their wakes. Even without fur-
ther energy injection from the central engine these highly over pres-
surized bubbles will expand outwards as they dissipate their energy
into the halo gas over time.
The evolving gas metallicity distribution over this time span
directly shows how galactic-scale outflows enrich the circumgalac-
tic and intergalactic medium with heavy elements (Tegmark et al.
1993). Although a considerable fraction of the virial volume is al-
ready enriched to 0.1Z by z ∼ 2, prior to the onset of strong BH
activity, the distribution of metals is inhomogeneous and regions of
the halo and its immediate environment remain at . 0.01Z. Sitting
already on the mass-metallicity relation, the central galaxy is, how-
ever, highly enriched, and this & Z gas is directly ejected out to
scales of 100s of kpc by the BH-driven wind. This high metallicity
material is preferentially cospatial with hot gas in the cavities, par-
ticularly at early times. A rich turbulent mixing structure develops,
producing metallicity sub-structure within the bubbles and possi-
bly across their boundaries. We discuss the multiphase nature and
metal content of the outflows in Section 3.4.
Because the outflow is not isotropic, it allows predominantly
metal-poor gas to remain along the major axes of the disk (i.e.
in the vertical direction of this projection). Any ongoing accretion
will lead to metal dilution over time. Evidence for this fueling of
the gas reservoir of the central galaxy, particularly near the end of
this strong feedback episode, is also apparent. Cold, overdense gas
fragments begin to populate the inner halo at r . 0.25rvir. They
originate predominantly along the major axis of the galaxy, though
also appear to form directly in the wake of the outflow. These gas
overdensities are clearly infalling, with mixing tails extending radi-
ally outward, and often not obviously associated with any substruc-
ture in the halo at earlier times. We speculate that they may arise
from an in-situ, condensation-like process in the thermally unstable
hot halo gas (Sharma et al. 2012; McCourt et al. 2012; Voit et al.
2015). Given the ability of TNG50 to resolve detailed structure in
the lower density halo gas, a detailed study of precipitation and its
ability to feed the central BH and/or regulate the feedback cycle
will be an interesting topic for future work.
Sitting at the center of this outflow, nearly invisible at this
scale, is the stellar body and gaseous reservoir of the central galaxy.
Figure 4 shows one such massive galaxy at z ∼ 2 in a face-on
gas density projection (upper left), and at later times an example
of the stellar structure of a z ∼ 1 descendant of such a system,
traced through a mock of its optical stellar light (upper right). In
both cases the edge-on view is shown immediately below. The red-
shift two system hosts a large, flocculent, clumpy spiral structure,
roughly 10−20 kpc in radial extent. This disk is relatively thin in its
vertical scale-height at the center, but warped at the outskirts, with
gas features coupling the outer disk to ongoing accretion from its
larger scale environment. The line-of-sight velocity dispersion of
the star-forming (i.e. Hα-traced) component varies across the disk;
between 1 − 2r1/2,? the mean value is ∼ 70 km/s, reaching as high
as 170 km/s – see Pillepich et al. (2019). The maximum rotational
velocity is ∼ 350 km/s, giving V/σ ∼ 2 − 5 depending on mea-
surement methodology. The redshift one descendant hosts a large
stellar bulge surrounded by a thin stellar disk composed of irregular
spiral-like features. A stellar clump is visible migrating inwards to
eventually coalesce with the bulge. Bombardment by minor merg-
ers at z < 1 will convert this galaxy into the spheroidal BCG of a
massive group by z = 0.
By showing the highly resolved structure of an individual
galaxy we emphasize that TNG50 enables the study of the connec-
tion between small-scale (i.e. few hundred pc) feedback and large-
scale (i.e. few hundred kpc) outflows. Furthermore, we clarify that
winds launched by stellar feedback originate from the entirety of
the star-forming gaseous disk, on a cell-by-cell basis at the scale
of the simulation resolution. As the local star formation properties
vary substantially within a galaxy, the resulting SN-driven outflows
have non-constant, and non-trivial, distributions of outflow veloc-
ity, mass outflow rate, and even temperature (all at launch). That is,
galaxies of a given mass or circular velocity do not produce out-
flows at a single constant velocity or mass loading, as is sometimes
mistakenly inferred for large-volume feedback models like TNG.
Simultaneously in time and possibly coincident in space, the cen-
tral black hole will also be injecting either thermal or kinetic energy
into its immediate surroundings – contributing to, or possibly dom-
inating the production of an outflow.
Figure 4 also highlights the statistical power of the galaxy pop-
ulation realized in TNG50 already by z = 2 (lower half), visual-
izing the most massive ∼ 750 galaxies present in the volume, in
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Figure 4. The versatility and power of TNG50 in combining high-resolution (top) with the unbiased statistics of a representative, cosmological galaxy
population (bottom). Here we show gas density projections of galaxy disks (left), and mock stellar light images of the same galaxies in JWST {F200W, F115W,
F070W} rest-frame bands (right). (Top) Two examples of large, well-resolved disks in face-on and edge-on projections. (Bottom) The most massive 754 central
galaxies at z = 2, in descending stellar mass (from left to right, top to bottom), encompassing 1010.9 < Mhalo/M < 1013.4, and 108.0 < M?/M < 1011.7. All
are shown face-on, and each stamp is 40 (30, 20) physical kpc across for log(Mhalo)/M 6 13.5 (12.5, 12.1). At this mass scale and redshift, most galaxies
host a rotationally supported, gas-rich, rapidly star-forming disk – with a black hole at the center – and will drive extended, gaseous outflows.
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Figure 5. Mass loading factor as a function of stellar mass at z = 2. (Top) For three different values of the minimum speed vrad to be classified as an outflow
(blue, orange, and green) the mass loading factor ηM (M?) at a distance of 10 kpc from each galaxy. Lines show median relations, shaded areas 16-84 percentile
intervals, and small squares individual systems. Requiring only vrad > 0 km/s, ηM decreases sharply with stellar mass from values as high as 20-50 at 108 M to
1-5 at 1010.5 M. The black line denotes the TNG model input of ηM at the injection scale, derived as the mean across all star-forming gas cells in each galaxy
(as in Fig. 7 of Pillepich et al. 2018a), which is monotonically decreasing with mass. This is not true of the emergent 10 kpc-scale outflows, where the trend
of ηM reverses its decline and begins to rise rapidly for M? & 1010.5 M as highly efficient BH feedback begins to drive strong outflows at low-SFR. (Bottom
left) The sensitivity of ηM to both distance from the galaxy (three linestyles) and the minimum vrad cut to be classified as outflowing (three colors). (Bottom
right) Redshift evolution of the mass loading factor ηM in six different bins of stellar mass (different colors). Although the mass outflow rates decrease towards
z = 0, star formation rates decrease faster, leading to roughly flat ηM(z) curves for M? . 1010 M, while the onset of quenching produces rapidly rising ηM
values for massive galaxies towards late times.
the same face-on gas density (left) and face-on stellar light mocks
(right) as above. They are sorted from the most massive, in the
upper left corner, to the least massive, in the lower right, rang-
ing from 8.0 < log(M?/M) < 11.7. With few exceptions, galaxies
at this mass and redshift are gas rich, with rotationally supported
gas reservoirs which are typically much more extended than the
stellar component. The diversity present even within this sample
highlights the importance of the large cosmological volume. The
∼ 1.4 × 105 cMpc3 of TNG50 provides a sampling of rare, high-
mass halos, together with the statistics needed to make robust state-
ments about a representative galaxy population.
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3.2 Outflow rates and mass loading factors vs. M? and z
In Figure 5 we begin to explore the quantitative properties of
TNG50 outflows. Here we measure the outflow mass loading ηM,
the ratio of the mass outflow rate and the galaxy star formation rate,
as a function of galaxy stellar mass at z = 2 (top panel). Consid-
ering a fixed distance of 10 kpc from the galaxy, we evaluate the
mass outflow rates subject to three different minimum vrad values
to be classified as an outflow (blue, orange, and green).
Considering all vrad > 0 km/s material in the mass outflow rate
(blue), ηM drops rapidly with increasing stellar mass, from ηM ' 50
at M? = 107.5 M to ηM ' 3 − 5 at M? = 1010.5 M. Enforcing
a more stringent vrad > 150 km/s cut as measurably outflowing
material (orange) weakens the dependence and flattens the relation
with stellar mass considerably – ηM decreases by only a factor of
two over the same mass range. For even higher velocity thresholds
(green), the slope of ηM ∝ M? changes sign, because low mass
galaxies drive very little mass at such high velocities.
The black line shows the value of η iM at the injection scale,
as prescribed by the TNG model. We derive a single mean value
for each galaxy from its ensemble of star-forming gas cells, then
present an approximate fit through these mean values as a function
of M?, as well as its scatter (gray band). The model η iM is nearly
flat below M? . 108.5 M and then decreases monotonically with
increasing mass, dropping to unity by 1010.5 M and < 1 thereafter.
However, this behavior is fundamentally different than what is seen
in the resolved flows which result at 10 kpc scales. Here the trend
of ηM reverses, reaching a minimum at M? ' 1010.5 M and before
rising rapidly again towards higher masses. This corresponds to the
mass scale for the onset of quenching as galaxies begin to tran-
sition out of the blue, star-forming population in the TNG model
(Nelson et al. 2018a; Weinberger et al. 2018). Star formation rates
are suppressed by the action of efficient BH feedback which simul-
taneously produces a large mass of outflowing gas through direct
ejection of the nuclear (i.e. central) ISM, driving ηM = M˙out/M˙?
up. As we move beyond M? & 1011 M, mass loading factors ap-
proach similar values (> 10) as in the lowest mass dwarfs. As a
result, ηM(M?) has a broken ‘v’ shape: the low-mass behavior reg-
ulated by stellar feedback, while the high-mass behavior is set by
the energetics and coupling efficiency of BH feedback.
Even where ηM is established largely by the SN energy budget
alone, its value and scaling with M? differs from the TNG model
input at the injection scale. In the lower left panel we clarify this
difference, by showing the dependence on threshold vrad (different
line colors) as well as at different distances away from the galaxy
(different line styles). The wind mass loading decreases strongly as
a function of distance from 10 kpc outwards at M? < 1010.5 M,
dropping for low-mass galaxies in the vrad > 50 km/s case from
ηM ' 20 − 50 at 10 kpc to only ηM ' 1 at 50 kpc. Depending on
velocity cut and radius, the actual mass outflow rate can exceed that
prescribed at injection by the TNG model, presumably due to local
entrainment as winds begin to interact in the outskirts of the disk.
Declining ηM(r) is generically expected for a flow which is at least
partially fountain, i.e. not entirely escaping (e.g. Sarkar et al. 2014).
In Appendix A we discuss mass loading trends scaled by the virial
velocity of the parent halo.
The radial dependence of ηM in TNG weakens towards high
stellar mass, pointing towards a different launch mechanism. At
M? ∼ 1010 M we see that even for vrad > 150 km/s the wind
mass loading exceeds that produced by the SF-driven wind model
alone. We speculate that the mutual, positive coupling between the
two feedback mechanisms is roughly maximal at this mass scale -
where black holes are able to contribute energy to drive outflows,
but not yet severely impacting galactic star formation and so total
available SN energy. As the majority of BHs transition into the low
accretion state at M? & 1010.5 M the radial dependence is entirely
eliminated, even for fast vrad > 350 km/s outflows. As we discuss
later, the vast majority of gas driven by kinetic BH feedback ex-
ceeds this velocity to distances greater than r > 50 kpc, leaving ηM
invariant to distance in this regime.
In the lower right panel of Figure 5 we explore the red-
shift dependence of ηM in different bins of stellar mass, from
log(M?/M) = 108 − 1011. For low mass galaxies with M? .
1010 M the wind mass loading is roughly constant as a function of
redshift. This is because, although the actual outflow rates around
such galaxies decrease with redshift at fixed mass, by roughly one
order of magnitude from z = 6 to z = 0.2, their star formation
rates do likewise. On the other hand, galaxies at the high-mass end
exhibit a rapidly increasing ηM towards late times. For example,
galaxies with M? ∼ 1010.5 M have ηM ∼ 1 at z = 6, increasing
to ηM ∼ 100 by z ' 0. In this case mass outflow rates are roughly
constant with redshift, while star formation rates begin to decline
after some characteristic redshift as a result of the quenching pro-
cess. At redshift two we see the inversion of ηM noted above as the
crossover of the high-mass curves; at z & 4 it is clear that ηM is
monotonic with M?, unlike at low redshift.
3.3 Outflow velocities: SN versus BH-driven winds
Moving to a second fundamental property beyond mass outflow
rates, Figure 6 measures outflow velocities as a function of stel-
lar mass. As before, we select outflowing material at some dis-
tance away from the galaxy. We also condense the full spectrum
of the outflowing velocity distribution around a galaxy into a sin-
gle number - mass outflow rate weighted percentiles vout,50 to vout,95
(as described in Section 2.3).2 In the top panel we show the 75th
and 95th percentiles of vout at a distance of 10 kpc at z = 2. Both
increase monotonically with M? from 100 − 200 km/s at stellar
masses of 107.5 M up to ∼ 400 km/s (v75) or & 800 km/s (v95)
for M? & 1010.5 M. They are typically below the escape velocity
vesc = [−2φ(r = 10kpc)]1/2 at this distance. Given that the global
potential also traces the large scale environment, particularly for
smaller galaxies (Oppenheimer & Dave´ 2008), we also include a
second line for vesc (dashed), computed using the potential differ-
ence between 10 kpc and rvir. This roughly captures, therefore, the
energy required to move between these two locations, against the
force of gravity. In this case the conclusion would be that vout can
commonly exceed the escape velocity, although we caution that in
neither case does this actually mean that an outflow can necessarily
escape the halo, as the comparison neglects hydrodynamical inter-
actions, drag, and other similar effects. In Appendix A we discuss
velocity trends scaled by the virial velocity of the parent halo.
As before, we include the prescription from the TNG model
for the injection (launch) velocity v iout of winds generated by stellar
feedback as the gray line and shaded band, which represent a fit
to the mean value derived for each galaxy. We see that v iout repre-
sents more an upper envelope to the resulting flow at 10 kpc, rather
2 For example, vout,95 gives the velocity which only 5% of the outflow mass
flux exceeds, i.e. the velocity envelope of 95% of the mass flux. In some
observational studies, this value might be referred instead to as vout,05. As a
characterization of the extreme tails of the outflow velocity distribution, it
will approach the similar though less well defined vmax measure.
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Figure 6. Outflow velocity as a function of stellar mass. Computed for outflowing gas and wind (vrad > 0 km/s) within the given radial shell. (Top) The 75th
and 95th outflow velocity percentiles, as a function of galaxy stellar mass, for TNG50-1 at z = 2. The black line indicates an approximate fit to the injection
velocity for the TNG wind model, derived as the mean launch speed for all star-forming gas cells in each galaxy (similar to the computation for Fig. 6 of
Pillepich et al. 2018a). (Bottom left) Dependence on radius and velocity percentile, for TNG50-1 at z = 2. Note that the TNG model line is roughly although
not strictly an upper limit: vout,99 typically corresponds closely, implying that the wind launch speed at injection establishes the envelope of the fastest moving
material, although not necessarily the speed of the bulk of the outflowing mass. (Bottom right) Redshift evolution at fixed mass, from z = 0.2 to z = 10, for a
fixed percentile vout,90. Outflows are much faster at earlier times, in both the star formation and black hole driven regimes.
than its characteristic velocity. We note however that vout,99 does
exceed the injection velocity even at this distance. The minimum
wind velocity of 350 km/s enforced by the TNG wind model leads
to the constant v iout below M? . 10
9 M. Interestingly, we see that
this does not mean that material flowing away from a galaxy at any
resolved scale actually inherits such a velocity (nor even its trend
with stellar mass). The vout,75 velocity percentile is actually below
this ‘minimum’ for all M? . 1010 M. We interpret this as an indi-
cation of halo drag, either gravitational or hydrodynamical (Silich
& Tenorio-Tagle 2001; Dalla Vecchia & Schaye 2008), an impor-
tant demonstration of how emergent outflow properties can differ
from model inputs due to resolved physical processes.
In the lower left panel of Figure 6 we explore the dependence
of vout on distance (colors) and velocity percentile (linestyles). Out-
flow velocity notably decreases with distance for all r > 10 kpc.
At the same time, our velocity percentile ‘summary statistic’ will
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be influenced by all gas with vrad > 0 km/s, i.e. it could also be
pulled down by a progressively larger fraction of quasi-equilibrium,
slowly moving halo gas relative to an actual, faster outflow compo-
nent. Outflow velocity scales strongly with the velocity percentile,
particularly at the massive end. The distributions of vout clearly
have extended tails which are not captured by v50 for instance. At
M? = 1011 M, the 95th tail reaches ∼ 1000 km/s while vout,50 is
only ∼ 200 km/s. By measuring the maximal velocities achieved
by gas shortly after being kicked by the low-state BH feedback, we
determine a corresponding ‘injection velocity’ of & 12,000 km/s,
applicable to the high-mass end, which shows how rapidly such
nuclear-originating flows must decelerate.
The lower right panel of Figure 6 shows the redshift depen-
dence of outflow speed at fixed stellar mass, where we focus on
vout,90 and r = 10 kpc for simplicity. Winds are faster at higher red-
shift for a given M?, both in the SF-driven and BH-driven regimes.
In the former, a plausible cause is that, at fixed stellar mass, the
DM velocity dispersion will be higher at earlier times. We note an
important new aspect of the TNG wind model is the explicit scal-
ing v iout ∝ [H0/H(z)]1/3. This dependence produces a co-evolution
of wind velocity and virial halo mass, i.e. redshift-independent ve-
locity at a fixed host halo mass (Pillepich et al. 2018a). After con-
volution with the evolving stellar mass to halo mass relation, we
see that in practice the model injection velocities are only higher
at a given M? for very high redshift (z ∼ 6), but settle down to a
roughly constant set of the overlapping black curves for all z < 4.
In practice, this scaling is not relevant for M? . 109 M due to the
imposition of the minimum wind injection velocity of 350 km/s.
However, we see that the resolved wind velocities evolve with red-
shift even at these low masses. In this regime vout,90 ∝ (1+z)0.2−0.4 or
vout ∝ H(z)0.2−0.3 depending on M?. We note that the measured scal-
ing with H(z) has the opposite sign as the model injection scaling,
emphasizing that the mapping between model inputs and resolved
outputs can be non-trivial. At the high mass end, the redshift scal-
ing is much stronger, vout,90 ∝ (1 + z)0.8−1.3 for M? ' 1011 M, indi-
cating that the velocities of BH-driven outflows evolve differently
with redshift.
Having presented the population-level view of outflow veloc-
ity, we go on to explore the detailed velocity structure of outflows.
Figure 7 shows the phase space diagram of gas mass in the plane
of (vrad, radius) around a single halo with total mass ' 1012.8 M,
from just outside the direct region of influence of the black hole (1
kpc) to about a third of the host virial radius (100 kpc). The bulk
of mass at almost all radii is sitting just below vrad ∼ 0 indicat-
ing consistent inflow through the inner halo. Outflowing winds are
evident as a succession of discrete features at positive radial ve-
locities. These outflows launched by black hole feedback form a
sawtooth-like pattern in (vrad, r), consisting of a series of triangular
components – each results from a single energy injection event at
a small scale off the left-edge of this panel. There are three such
flows evident at r < 20 kpc, and ∼ 5 visible in the inner halo.
The maximum radial velocity of each outflow component in-
creases with distance, i.e vout ∝ r α (α > 0). This shape is a nat-
ural consequence if material has a spectrum of launch velocities
and the most rapidly outflowing gas reaches, at any given time, the
largest distances. The maximal outflow velocity at each radius is
established by the upper envelope of the successive peaks, corre-
sponding to the highest velocity tails of each flow. Over time, each
individual feature collapses outward, shifting to larger distance and
lower velocity. As a result, the envelope of outflowing radial ve-
locities actually decreases with distance, i.e vout,max ∝ r α (α < 0).
This velocity structure, coming from the superposition of the in-
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Figure 7. Two dimensional phase space diagram showing high-velocity
outflows (vrad > 0) in the conditional gas mass distribution on the (vrad, r)
plane for one illustrative halo being strongly affected by BH feedback
(Mhalo ' 1012.8 M, rvir ' 300 kpc, vcirc ' 280 km/s, z = 0.7). The bulk of
gas mass is confined to roughly ±vcirc of the halo, with accelerating in-
fall visible as features shifting towards more negative velocities in the halo
center. At small distances, distinct branches extend to high velocity, corre-
sponding to individual outflow episodes. These arcs flow outward (in ra-
dius) and downward (in velocity) with time, although their upward shape
implies an instantaneously increasing radial velocity with distance.
dividual outflow components, is continually reinforced by new in-
jection events at r ∼ 0 and generically maintains a quasi-steady
structure over time. The high velocity tails of the outflowing mate-
rial lie above the escape velocity curve vesc(r) = [−2φ(r)]1/2 at all
radii (black line).
Figure 8 presents the distribution functions of outflow ve-
locity, decomposing the mass outflow rate M˙out as a function
of vrad. We stack galaxies in bins of stellar mass, from 8.0 <
log(M?/M) < 11.5 (different line colors), and focus on a dis-
tance of r = 20 kpc at z = 2 for simplicity. At lower stellar masses
the distributions have a similar shape, being peaked at low veloc-
ities . a few hundred km/s, which increases slowly with M?. The
amount of outflowing gas with higher velocity drops rapidly be-
yond this central core, such that there is an effective maximum out-
flow velocity of ∼ 300 km/s for M? = 108 M, ∼ 400 kms for
M? = 109 M, and ∼ 500 km/s for M? = 1010 M. This is the
regime of the stellar feedback driven wind model, with the approx-
imate scaling of vout ∝ M1/3halo. As a result, typical wind velocities
scale up with mass, but have bounded maximal values.
However, at stellar masses M? & 1010.5 M a high-velocity tail
begins to emerge. By 1011 M this feature is fully developed and
results in a roughly linear extension out to high vrad (in this log-
linear plane). As a result, we can start to find outflowing mass at
> 1000 km/s velocities, where the distributions are then composed
of two distinct components: the SF-driven core at low velocity, and
the tail at high velocity. In the TNG model, only the kinetic BH
feedback mechanism can generate such high velocities, and this
mode becomes efficient at M? & 1010.5 M as black holes transition
below the threshold accretion rate. The mass outflow rate decreases
more slowly with vrad than in the SF-driven wind case, such that
there is no strong cutoff at some maximal velocity. However, the
decline is still precipitous: for the highest mass bin considered here
at M? = 1011.5 M, for vout ∼ 1000 ± 50 km/s, the total flux is on
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Figure 8. The average distributions of outflow velocity around galaxies in
different stellar mass bins at z = 2. Specifically, we decompose the radial
mass outflow rate as a function of radial velocities vrad, focusing on the
flow across r = 20 kpc, in units of M yr−1 per 10 km/s bin of vrad. At low
mass, the outflow velocity distributions have a similar, centrally symmetric
shape originating from SN-driven winds. They peak at velocities . a few
hundred km/s, with a maximal velocity cutoff which scales with M?. At
high masses, these slower outflows are augmented by a long tail to high
velocities due to the emergence of BH-driven outflows, which easily reach
& 3000 km/s. Small solid, dashed, and dotted vertical lines denote v50, v90,
and v95 for each mass bin, respectively.
average M˙out ' 10 M yr−1. However, for gas moving with vout ∼
2000 ± 50 we have only M˙out ' 1 M yr−1, and the flux of gas
moving at ∼ 3000 km/s is a further factor of ten less.
As we discuss further in Section 3.6, it is important to note
that these highest velocity BH-driven outflows in the TNG model
do not arise from ultra-luminous or ‘radio-loud’ quasars (e.g. with
space densities n ∼ 10−7 Mpc−3 or less, and/or Lbol ∼ 1045 erg/s or
greater), which are much too rare to arise in the volume of TNG50.
Instead, they are generated from the much more common low lumi-
nosity, low-accretion rate (λedd ∼ 10−2 or less) population of BHs
for which we posit a radiatively inefficient flow which converts
gravitational binding energy into a non-relativistic wind (Bland-
ford & Begelman 1999; Yuan & Narayan 2014). The implication is
that – in the TNG model – low luminosity, slowly accreting black
holes can drive some of the most powerful outflows. Other mod-
els produce strong BH-driven outflows by invoking different physi-
cal mechanisms and/or numerical implementations (e.g. McCarthy
et al. 2011; Henden et al. 2018), and differentiating between these
scenarios will provide useful theoretical constraints.
3.4 Multiphase outflows: temperature, density, metallicity
We have so far considered only the kinematics of the outflow as a
whole, i.e. phase-agnostic. Observationally there exists a broad cor-
relation between outflow velocity and gas phase temperature, such
that neutral phases are slower than ionized components (Heckman
et al. 2001; Rupke et al. 2002), which are themselves slower than a
hot wind fluid phase (Veilleux et al. 2005).
In Figure 9 we show that different outflow phases in TNG
have different kinematics. We present the galaxy-stacked 2D his-
togram of mass outflow rate, as a function of temperature (x-axis)
and instantaneous velocity (y-axis). We focus on a mass scale
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Figure 9. Gas inflow/outflow rates decomposed as a function of gas temper-
ature and outflow velocity at z = 2. Here we focus on a regime where black
holes dominant outflow properties: massive galaxies with M? ' 1011 M
at a distance of r = 30 kpc. We find that different phases attain different
outflow speeds (or, equivalently, that different outflow velocity components
occupy different regions of ρ − T space). In this case, it is only hot gas at
temperatures & 106 K which is able to reach >1000 km/s, while the cooler
component is confined to around ∼500 km/s or less.
(M? = 1011 M) where the action of the central black hole plays
an important role in setting the properties of the galactic-scale
outflows. For winds which reach an appreciable distance away
from the galaxy we find a relative dichotomy of hot/cooler gas
phases and rapid/slower outflow velocities. In particular, the only
outflowing gas which achieves velocities of > 1000 km/s is hot,
with T & 106 K. Within this phase there is a minor correlation be-
tween vout and temperature: the hottest gas travels the fastest, with
vout ∼ 2000 km/s outflows having temperatures of order 106.5 K.
On the other hand, cooler gas is slower, and so unlikely to
propagate as far. The outflow component which would be visible
in ionized Hα or metal transition lines, between 104 K and 105 K,
has typical velocities of a few hundred km/s and a maximal vout of
∼ 600 km/s. The phase separation at high velocity implies that the
temperature of a high-velocity component can be clearly deduced.
The bulk of the outflowing gas, however, coexists at a common,
lower velocity interval, preventing one from easily identifying the
phase structure of this dominant, low-velocity component. We note
that for lower stellar masses M? ∼ 109−10 M (not shown), where
stellar rather than BH-driven winds are most relevant, this correla-
tion of hotter outflow phases moving faster likewise holds.
Figure 10 quantifies the multiphase nature of TNG outflows
in terms of temperature, density, and metallicity. In the main panel
(top) we decompose the mass outflow rate as a function of gas tem-
perature, where each line shows the mean stack within a given stel-
lar mass bin, from 8.0 < log(M?/M) < 11.5 (different line colors).
Two important trends emerge.
First, there exists a warm/hot outflowing component with a
well-behaved, roughly gaussian distribution of mass flux weighted
log temperature. The peak of this component shifts smoothly up-
wards with increasing galaxy stellar mass, from ∼ 105.5 K at
M? = 108 M to ∼ 106 K by 109.5 M, and all the way up to ∼ 107 K
at 1011 M. The width (in log K) is roughly constant, implying that
this constituent of the outflow is set by the temperature structure of
the virialized hot halo gas and tracks the increasing host halo virial
temperature. Note that bulk (i.e. non-circular) motions in the inner
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Figure 10. Radial mass outflow rates as a function of gas temperature (top), density (lower left), and metallicity (lower right) at z = 2. Each panel shows gas
in a radial shell centered at r = 20 kpc from the galaxy, and with outflow defined by a radial velocity cut of vrad > 150 km/s, with flow rates in M yr−1 are
per 0.05 dex bin. Distributions of M˙out(Tgas; ngas;Zgas) are given in stacked bins of stellar mass. Demonstration of the multi-phase nature of outflows, and the
emergence of the cold, dense component for massive systems.
halo gas which exceed the chosen velocity threshold would con-
tribute here, so the hot outflow component could partially reflect
increasing amounts of such non-equilibrium kinematics of virial-
ized gas. The peak outflow rate of this component increases by
roughly a factor of ten with each decade in stellar mass – i.e., it
is a roughly constant ‘specific gas outflow rate’. In the integral it
dominates, at all mass scales, the total outflowing mass flux.
Next, a second cool outflow component emerges towards
higher stellar masses, resulting in a bimodal outflow temperature
distribution. This bimodality is clear at all M? > 1010 M and be-
comes stronger towards higher mass, where the peak outflow rates
at T ∼ 104 K and T ∼ 107 K come into near equality.3 The origin is
twofold - the hint of this secondary peak already developing even
3 Some outflowing gas at temperatures even lower than 104 K is also ev-
ident. While it would be tempting to interpret this in the context of mate-
rial which could be neutral or even partially molecular, we remind that the
effective cooling floor of TNG is ' 104 K due to the radiative cooling as-
sumptions, which neglect metal fine-structure contributions. As a result, we
interpret this gas as representative only of a cool ionized component.
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for galaxies as small as M? = 109 M, together with the invariance
of the peak temperature itself in relation to the shape of our adopted
cooling curve (Wiersma et al. 2009) suggests a cooling process
(possibly in the outflow itself, e.g. Thompson et al. 2016; Schneider
et al. 2018). In the future we can use the Monte Carlo tracer parti-
cle scheme in TNG (Genel et al. 2013) to directly track the thermal
history of outflowing gas and (dis)prove this point. On the other
hand, the strong increase of outflowing mass at this temperature
above M? > 1010.5 M indicates a relation to the onset of efficient
black hole feedback. We observe that the kinetic BH mechanism
in this regime directly evacuates the central ISM reservoir, lead-
ing to centrally suppressed gas densities (and star formation rates,
as we discuss later). At stellar masses & 1011 M this dichotomy
in outflow temperature is therefore a direct consequence of ejec-
tive feedback launching formerly dense ISM out into the halo (e.g.
Scannapieco & Bru¨ggen 2015).
Observationally, Chisholm et al. (2017) recently measured the
mass loading of OVI absorbing gas in a single lensed z ∼ 3 galaxy,
concluding that the fastest outflowing material (with vout > vesc)
has a mass outflow rate larger than in the cooler, photoionized
phase. Similarly, from a sample of local starbursts Grimes et al.
(2009) find that OVI-traced gas at ∼ 105.5K has a higher mean
outflow velocity than seen in lower ionization states. If the expec-
tation presented here is roughly correct, then the most important
outflow phase for M? & 1010 M moves quickly away from avail-
able ionized tracers and even past OVI bearing ‘coronal’ gas into
a much hotter x-ray traced plasma, where observational constraints
are presently challenging.
In the lower left panel of Figure 10 we similarly decompose
the mass outflow rate now as a function of gas density, in the same
stacked distributions as a function of stellar mass. A two compo-
nent structure is also evident: the low density peak is associated to
the high temperature gas, with the high density peak corresponding
to the low temperature component which prominently emerges only
at M? > 1010 M. As before, the location of the lower density com-
ponent tracks the increasing halo gas density with higher host mass.
On the other hand, the high density ISM component has a roughly
constant maximal outflow rate for densities of n ∼ 1 cm−3, although
the most massive galaxies above M? > 1011 M can launch out-
flows to 20 kpc which contain densities of n > 10 cm−3 and higher.
This also indicates a direct ejective origin for this dense material,
having originally compressed in the center of the galactic potential.
Given our star formation threshold density, some of this ejecta will
therefore be star-forming and on the effective equation of state.
The lower right panel of Figure 10 measures the metallicity of
outflowing gas, in three stellar mass bins (colored lines) at z = 1,
z = 2, and z = 4 (solid, dashed, dotted). At all redshifts, the outflow
metallicity increases with the stellar mass of the galaxy as expected.
At redshift two, the dominant metallicity of wind material is 0.1Z
for M? = 108 M, increasing to 0.3Z at M? = 109.5 M and reach-
ing 0.7Z by M? = 1010.5 M. The distributions are broad and gas
at ±0.5 dex of these values is always also present at roughly 10%
of the mass outflow rate when compared to the dominant metal-
licity. At low masses the redshift evolution is roughly independent
of stellar mass and fairly weak – the average Zout increases by ∼
0.2 dex from z = 4 to z = 2 and by a further ∼ 0.1 dex to z = 1.
At high masses the redshift evolution is even shallower due to the
flattening of the gas-phase mass metallicity relation. In both cases
the evolution of outflow metallicity is approximately similar to the
evolving MZR of TNG (Torrey et al. 2017), although we defer to
future work a detailed comparison of wind metallicity relative to
the galaxy ISM metallicity itself (e.g. Muratov et al. 2017).
<5 10 20 30 40 50 65 100 150 200 300 450 1000
Radius [ pkpc ]
−π
−π/2
0
+π/2
+π
Ga
lac
toc
en
tric
 An
gle
 [ 0
, ±π
 = 
ma
jor
 ax
is ]
minor axis
minor axis
M⋆  = 10.0
vrad > 250 km/s
−2.2
−2.0
−1.8
−1.6
−1.4
−1.2
−1.0
Ga
s O
utf
low
 Ra
te 
[ lo
g M
su
n /
 yr
 ]
<5 10 20 30 40 50 65 100 150 200 300 450 1000
Radius [ pkpc ]
−π
−π/2
0
+π/2
+π
Ga
lac
toc
en
tric
 An
gle
 [ 0
, ±π
 = 
ma
jor
 ax
is ]
minor axis
minor axis
M⋆  = 11.0
vrad > 450 km/s
−1.0
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
−0.3
Ga
s O
utf
low
 Ra
te 
[ lo
g M
su
n /
 yr
 ]
Figure 11. The dependence of mass outflow rate on galactocentric angle
at z = 1, where directions corresponding to the minor axes are θ = ±pi/2,
marked with horizontal gray lines. Each panel stacks all galaxies in mass
bins centered on M? ' 1010 M (top; ∼ 280 systems) or M? ' 1011 M
(bottom; ∼ 70 systems). These two mass scales are dominated by stellar
and black hole driven outflows, respectively. White lines quantify the open-
ing angle bounding half the total mass outflow at each radius. Despite the
isotropy of both feedback models at the energy injection scale, a hydrody-
namic collimation naturally occurs and results in wide opening angle, bipo-
lar outflows which preferentially escape along the minor axes of galaxies.
3.5 Angular dependence: emergent bipolarity
In Figure 11 we show the dependency of the mass outflow rate (as
the background color) on both galactocentric angle and galactocen-
tric distance at z = 1. Within each panel the two horizontal lines in-
dicate the direction aligned with the minor axis of the galaxy.4 The
top panel stacks relatively low-mass galaxies with M? ' 1010 M
(∼ 280 systems), a mass regime where outflows are generated by
stellar feedback. The bottom panel stacks high-mass galaxies with
M? ' 1011 M (∼ 70 systems), where higher-velocity outflows re-
sult almost exclusively from BH feedback.
4 We rotate each galaxy to an edge-on orientation, such that the longest
axis is aligned with xˆ (i.e. the y = 0 line) when viewed in projection in the
x − y plane, and the angle θ for every gas cell is calculated from its (x, y)
coordinates in this projection, such that θ = {0,±pi} corresponds to the ±x
(major) axes, respectively, while θ = ±pi/2 corresponds to alignment along
the ±y (i.e. minor) axes, respectively.
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Figure 12. Visualization of the velocity structure of galactic outflows in the lower mass, stellar feedback driven regime. We show a single galaxy, rotated
edge-on, with stellar mass M? = 1010.3 M and total Mhalo = 1011.8 M at z = 1. If observed at higher redshift (z ∼ 3) such a system would be similar to
a Lyman-break galaxy. The field of view is 200 physical kpc, and the background image shows a gas density projection through an equal depth, modulated
by the gas velocity field in a 10 kpc thick slice using the line-integral convolution technique (LIC; Cabral & Leedom 1993). Color indicates total gas density,
while small-scale variation in black shows the local topography of gas motion. Overlaid on top we include streamlines of the same velocity field, to indicate
direction and magnitude. Outflows which emerge collimated from the central galaxy traverse rvir/2 (dotted circle), establishing a large-scale, circulatory,
galactic-fountain type flow largely confined within the virial radius of the halo (solid circle).
In both cases the conclusion is the same: the mass outflow rate
of winds is not directionally isotropic. Rather, strong M˙ outflows
are preferentially found aligned with the minor axes of galaxies.
This is particularly intriguing in the context of TNG, as it repre-
sents an emergent quality of galactic-scale outflows. In the TNG
model, wind launching and energy injection from stellar as well as
black hole feedback is entirely isotropic, in the time-average, multi-
ple event sense. For stellar feedback driven winds, the directionality
of the wind-phase mass is entirely random at launch (see Pillepich
et al. 2018a), while BH energy injection in the low accretion state
kinetic mode, which drives the outflows seen here at high-mass,
is also entirely random with each injection event (see Weinberger
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et al. 2017). The preferential propagation of outflows along the mi-
nor axis of a galaxy therefore represents a natural, hydrodynamical
collimation of the flow. White lines demarcate the ‘half mass out-
flow rate angle’, quantifying a measure of the opening angle; this
is θ1/2 ' 70◦ at r ∼ 10 kpc and θ1/2 ' 40◦ − 50◦ at r ∼ 50 kpc.
Figure 11 quantifies the visual impression provided by Figures
2 and 3 for the case of a strong AGN driven outflow. To comple-
ment this high mass, high outflow velocity regime, we visualize
the velocity structure of a smaller galaxy with M? = 1010.3 M
(Mhalo = 1011.8 M) in Figure 12. Such a system observed at a
higher redshift would be similar to a Lyman-break galaxy. Here we
show a gas density projection of the galactic and halo gas, alloyed
with its instantaneous velocity field using the line-integral convolu-
tion technique. Small-scale transport and swirling, vortical motions
are revealed in regions without strong bulk outflow or inflow. Over-
laid on top, streamlines indicate flow direction and velocity, with
outflows reaching up to ∼ 350 km/s as they establish a circulatory,
galactic fountain like baryon cycle across rvir/2 (dotted circle).5
We speculate that this collimation is largely a ‘path of least
resistance’ effect, whereby outflows directed into the plane of a
disk, comprised of the densest material, experience enhanced re-
sistance. Consequently, we find that a roughly bipolar or biconical
outflow is typical behavior. Sculpting of the flow is evident already
by ∼ 10 kpc in the inner halo, and persists out as far as strong
outflows are found (& 50 kpc at least). The inferred opening angle
is large, decreasing for stronger outflow thresholds which become
more concentrated along the minor axes. We note that the degree
of this collimation appears to evolve with redshift (not shown), be-
coming stronger at late times and emerging particularly from z = 2
to z = 1. It is difficult to identify such a clear signal even at z = 2.
The degree of collimation is likely to depend on galaxy morphol-
ogy, particularly the amount of rotational support of the system.
Observationally, preferential detection of outflow signatures
along the minor axes of galaxies is a common conclusion at low-z
(Heckman et al. 2000) based on SDSS (Chen et al. 2010; Concas
et al. 2017; Bae & Woo 2018) and also towards z ∼ 1 (Martin et al.
2012; Kornei et al. 2012; Bordoloi et al. 2014b; Rubin et al. 2014).
At the same time, data from even higher redshifts z > 2 support
a lack of collimation at such early times (Law et al. 2012). Typi-
cal evidence along these lines comes from cold gas-phase tracers
such as MgII or NaD, or hydrogen, and the association is typi-
cally with stellar feedback driven outflows, although asymmetric
outflows from low-luminosity black holes may also be common
(Cheung et al. 2016; Wylezalek et al. 2017; Roy et al. 2018). For
hotter phases, Kacprzak et al. (2015) find OVI around z 6 0.7
galaxies preferentially along either the major or minor axes (e.g.
inflows and outflows, respectively), but not in between; similarly
so for colder MgII absorbers at z > 0.3 (Nielsen et al. 2015).
In addition to spanning both feedback regimes, we also find
no clear temperature dependence of this signal. We therefore ex-
pect (i) hotter outflowing gas phases to be similarly collimated, (ii)
bipolar geometry outflows to be present across a broad stellar mass
range, and (iii) a lack of similar signatures at high redshift (z > 2;
not shown). We speculate that this collimation arises only towards
lower redshift due to the rise of ordered rotation and settling of
gaseous galactic disks which helps to sculpt the flows.
Theoretically such a natural collimation was anticipated al-
5 In addition to this one halo, a comprehensive set of examples, spanning a
range of galaxy masses and redshifts, is available on the TNG50 website at
www.tng-project.org/explore/gallery/.
ready by Tomisaka & Ikeuchi (1988) whose numerical simula-
tions demonstrated galactic-scale superwind emergence preferen-
tially elongated along the direction of the minor axis of a launching
disk, caused by propagation in the direction of the maximum pres-
sure gradient of the confining gaseous halo. Early wind models for
global simulations sometimes including such hard-coded direction-
ality by hand (Springel & Hernquist 2003), including in the original
Illustris model (Vogelsberger et al. 2013), but this was removed in
TNG mainly as an opportunity to simplify an unnecessarily com-
plex model feature (Pillepich et al. 2018a).
3.6 Relating outflow and host galaxy properties
With the exception of global stellar mass trends, we have not yet
explored the dependence of outflows on additional properties of
the galaxies from which they are launched. Here we specifically
consider star formation activity (SFR) as well as black hole activity
(Lbol, λedd). As both types of feedback activity are a strong function
of galaxy mass, we naively expect a strong scaling of most outflow
properties such as vout with M?, and move beyond such zeroth order
expectations by predominantly investigating trends at fixed mass.
In Figure 13 we consider the dependence of outflow velocity
on the star formation rate of a galaxy, cast in terms of ∆SFMS,
the deviation from the median star-forming main sequence relation.
To isolate out the general trend of increasing velocity with M?,
we further normalize vout by its median value in each stellar mass
bin. Color then indicates higher (red), lower (blue), or typical (light
gray) outflow velocity relative to galaxies at that same mass. As our
operating definition of outflow velocity we take vout,50,<5kpc, the 50th
velocity percentile of outflowing mass near the galaxy. The trends
we discuss do not depend strongly on this choice.
First, we find a clear correlation between vout and ∆SFMS for
star-forming galaxies, whereby outliers above the main sequence
launch faster winds, whereas outliers below the MS drive slower
outflows. This statement is true at fixed stellar mass, and holds from
z = 1 up to z = 6 if not higher.
However, this correlation actually inverts at M? & 1010.5 M.
Galaxies which have grown above this mass scale drive faster out-
flows if they are below the main sequence, i.e. if they are in the
process of quenching towards the red population. In the main panel,
this is visible as an excess of red pixels for low ∆SFMS at high M?.
We quantify this anti-correlation in the inset panel, which plots rel-
ative vout as a function of ∆SFMS for high-mass galaxies (orange)
versus low-mass star forming galaxies (blue). The two slopes have
opposite sign, and the strength of this relation is such that vout varies
by 30 − 40% for outliers offset by ∆SFMS = ±0.5 dex.
Observationally, Chisholm et al. (2015) correlate outflow ve-
locity and SFR in nearby star-forming galaxies, finding that merg-
ers identified via optical morphology drive faster outflows, and that
merging systems have the fastest outflows overall. If mergers are
preferentially found at ∆SFMS > 0, this may be a similar signal
as discussed here. Cicone et al. (2016) explicitly compare outflow
velocity measurements with ∆SFMS (their Fig. 21) for a ‘normal’
SDSS star-forming population, finding a clear positive trend above
the main-sequence, with a weak or flat trend below. Towards higher
masses, Sato et al. (2009) use a SF-agnostic sample from EGS to
uncover a continuation of detectable NaI outflows into the red pop-
ulation, concluding that outflows outlive the star-formation phase
and contribute to quenching galaxies en route to the quiescent pop-
ulation. Our analysis here implies that these ‘relic’ outflows may
also be mixed with more recent outflows driven by black holes
rather than supernovae.
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Figure 13. Dependence of outflow velocity vout on offset from the star-forming main sequence ∆SFMS at z = 1. In the main panel, color encodes the outflow
velocity with respect to the median at that stellar mass – i.e., each column is normalized by its median value, and the dynamic range shown is ±35%. Across
most of the mass range, a strong correlation between vout and ∆SFMS is present, such that outliers above the main sequence drive characteristically faster
outflows. This relation inverts at M? & 1010.5 M, whereby massive galaxies show an anti-correlation – outliers below the main sequence, i.e. quenched or
quenching systems, now drive the fastest outflows, as a result of BH feedback (red points appearing below the solid black line). These two trends are quantified
in the inset panel, which shows the trend of relative vout as a function of ∆SFMS for two different stellar mass bins: low-mass star-forming (blue; positive
slope) and high-mass (orange; negative slope). The magnitude of the effect is ∼30-50% in velocity across ∼1 dex in ∆SFMS, and holds up to z = 6 at least.
We note that for star-forming galaxies a large number of prop-
erties correlate strongly with ∆SFMS. That is, (a) outliers above
the main sequence could be outliers because they drive faster out-
flows, or (b) they could simply have faster winds because they
are already part of the ∆SFMS > 0 population for another reason.
In this regime, relative to those systems below the median main-
sequence at fixed stellar mass, galaxies have: faster outflows (as
noted), lower gas-phase metallicities, higher gas fractions, lower
central stellar surface densities, lower stellar metallicities, bluer (g-
r) colors, larger stellar sizes (half mass radii), lower outflow mass
loadings, less rotationally supported gas disks, higher halo masses,
and lower mass BHs (all not shown, but see Pillepich et al. 2019).
Oscillation and quasi-equilibria about the evolving SFMS leads to
an interrelation between many of these galaxy properties. Although
the root cause of the trend of vout with ∆SFMS is difficult to deter-
mine, and to some degree both (a) and (b) must apply, we note that
the injection scaling of vout ∝ σDM in the TNG model is sensitive
to a spatially localized measurement of the dark matter velocity
dispersion, which would naturally respond to merger activity (i.e.
where σgas would also be enhanced) in contrast to more isolated,
dynamically quiet environments. Likewise, the positive correlation
of Mhalo with ∆SFMS implies larger σDM at fixed M? (similar to
the finding of Matthee et al. 2017, with the EAGLE model).
In order to reincorporate the dominant trend of increasing vout
with stellar mass, Figure 14 presents a view on the fraction of
galaxies with ‘fast’ outflows, with respect to their position on the
∆SFMS−M? plane. We do this by defining vout,90,10kpc > 300 km/s
as a somewhat arbitrary though useful threshold. For example, if
observational detectability of an outflow depended mainly on the
existence of a component traveling above 200 km/s (i.e. above an
instrumental limit or intrinsic level), our choice would map to an
outflow detection fraction. The color of each pixel shows the frac-
tion of galaxies in that bin which satisfy the velocity cut, from none
(dark purple) to 100% (yellow). As a common feature, we find a
diagonal boundary across the ∆SFMS−M? plane, with fast outflow
galaxies residing towards the upper right. This can be understood
as the superposition of the vout − ∆SFMS secondary correlation on
top of the dominant vout − M? relation. A higher threshold velocity
moves this boundary to the right, with roughly constant slope.
This trend can be compared in spirit to Fig. 17 of Rubin et al.
(2014) at z ∼ 0.5 based on MgII absorption modeling, or Fig. 3 of
Fo¨rster Schreiber et al. (2018a) at z = 0.6−2.7 based on broad emis-
sion line decomposition. Both hint towards a tilted trend in ∆SFMS
at fixed M?, in the sense that galaxies above the main sequence
have a larger detected outflow fraction, while galaxies approaching
1011 M and higher, even those below the extension of the main-
sequence, do likewise. Similarly, Fig. 18 of Cicone et al. (2016)
based on OIII emission from ionized outflows at z . 0.7 also high-
lights higher outflow velocities at positive ∆SFMS. We emphasize
such similarities are largely speculative and hindered by the current
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Figure 14. The fraction of galaxies with ‘fast’ outflows, as a function of
their position on the ∆SFMS-M* plane at z = 1. Here we take one possi-
ble choice and define vout,90,r=10kpc > 300 km/s as the threshold for a fast
outflow. The color of each pixel then shows the fraction of galaxies in each
bin which satisfy this cut, from zero (dark purple) too one hundred percent
(yellow). Galaxies with fast outflows exist only above a diagonal threshold,
from the upper left to lower right, in this plane.
inability to make quantitative comparisons to these observables, as
discussed below in Section 4.2.
Given our current inability to do a full forward-modeling,
and the uncertainties inherent with inversion in the opposite direc-
tion starting from the observational quantities, our ability to make
a robust comparison between the simulations and observations is
presently limited. However, we would like to give a sense of the
overlap between the outflow properties expected from the TNG
model and available observational datasets. We therefore provide
a series of suggestive plots, which are intended to be qualitative
only in nature, and from which no direct statements can be made as
to the level of (dis)agreement between the simulations and observa-
tions. Further modeling efforts from the theory side are needed be-
fore we can contrast against, or provide interpretation of, the wealth
of high-quality observational data on outflows (see Rupke 2018).
In Figure 15 we show a number of correlations between out-
flow properties and central galaxy or supermassive black hole prop-
erties. In these various spaces we add a diverse set of observations,
with citations indicated in the caption. These span all redshifts, at
least as high as z ∼ 4, and include many local universe data points
from z ∼ 0. They also span a range of sample selections – in par-
ticular, a significant number specifically target some of the most
energetic nearby ULIRGs or the most luminous observable star-
bursts. All detectable gas phases are represented, including molec-
ular, neutral, and ionized tracers. Importantly, we combine datasets
where outflows are believed to arise from stellar feedback as well
as BH feedback – their separation being often difficult.
In addition, outflow properties including velocity and mass
loading factors are measured in a diversity of ways and with a num-
ber of definitions across the observational works, and no homoge-
nization has been undertaken. For example, outflow velocities may
be derived from line center offsets from systemic, line wings be-
low some percentile of the continuum, or based in some way on
line width, with or without inclination corrections. Error bars are
excluded in every case for clarity.
All simulation results are restricted to a consistent minimum
stellar mass of M? > 109 M, but otherwise include galaxies of all
stellar masses as representative of a mass complete volume-limited
sample, and are shown at z = 1 (colored lines). To highlight the
definitional range, we include five velocity percentile ranges (v25
to v99) for vout, or three velocity cut criteria (0 - 350 km/s) for ηM,
as appropriate. Measurements are made at r = 10 kpc; varying
galactocentric distance would produce an additional fan of lines in
each panel. Observational data points are shown as black symbols.
• The upper left panel shows the relationship between vout and
star formation rate of the central galaxy. The stellar mass of galax-
ies in this plane increases monotonically from left to right, while
outliers which scatter towards high vout at a given SFR are mas-
sive, low-sSFR, and black hole outflow dominated. Although out-
flow velocity increases with SFR, the slope is fairly shallow: from
0.1 M yr−1 to 100 M yr−1 the outflow velocity increases by a fac-
tor of ∼ 3 − 5. Observational datasets which span only a small
dynamic range in SFR are unlikely to robustly identify a trend and
would conclude a flat vout (as appreciated in e.g. Chen et al. 2010).
We highlight the results of Cicone et al. (2016), where we have
taken the LoSVD v0.1 (OIII) values based on a consistent analysis
of a large, low-z sample which spans nearly our entire SFR range
and shows an encouraging similar scaling as vout,95 for instance. We
note that due to the finite volume of TNG50, there is only a partial
sampling of high ∆SFMS outliers and very few galaxies with star
formation rates above 100 M yr−1.
• With the upper right panel we show the dependence on the
mass loading factor ηM with the SFR of the galaxy. As above, the
stellar mass of galaxies in this plane increases monotonically from
left to right, while outliers which scatter towards high ηM at a given
SFR are quenching (or quenched) and black hole outflow domi-
nated. Note that many observations present ηM of a specific gas
phase which is only a sub-component of the total. Many of these
(e.g. Chisholm et al. 2015) imply to zeroth order a trend of decreas-
ing ηM with SFR, but as we have shown in Section 3.4 higher SFR
(and so M?) galaxies progressively shift the majority of their out-
flowing mass into a difficult to observe hot phase. Without a phase-
specific modeling of ηM we cannot robustly compare to trends in
SFR, other than to comment that a large fraction of observed points,
which are predominantly at 1.0 < log(SFR/M yr−1) < 2.5 have
lower inferred mass outflow rates than the phase-total rates of TNG.
• In the center left panel we show the dependence of outflow
velocity on the bolometric luminosity of the black hole. As with
extreme starbursts, the volume of TNG50 is also too small to host
the brightest luminosity AGN. There are essentially no black holes
with Lbol > 1045 erg/s, while the majority of observations of BH-
driven outflows focus on this regime of bright quasars which host
1000 km/s or greater winds, which are offset from our simulated
sample. When observations of ‘normal’ galaxies with black holes
exist, inferred values for vout cover the range of velocity percentiles
from TNG (Fluetsch et al. 2018, where vout = FWMHbroad/2 +
|vbroad−vnarrow|). On this plane, stellar mass increases with Lbol from
left to right, but also with vout from bottom to top. In particular,
the tails visible at low black hole luminosities are the most active
BH-driven outflows in the simulation.
• The center right panel shows ηM as a function of Lbol of the
central black hole. Depending on velocity threshold, the trend can
be slightly decreasing, flat, or increasing with Lbol, but is weak in
any case. In comparing to observed trends, the previous caveats
about phase specific mass outflow rate tracers apply. In TNG, the
scatter in mass loading increases strongly below Lbol < 1042 erg/s,
where low and high mass galaxies are simultaneously present, with
the latter driving high ηM outflows.
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Figure 15. Scalings of outflow velocity and mass loading factor with galaxy or black hole properties, in comparison to many literature results and compilations.
The upper two panels show vout and ηM as a function of star formation rate. The middle two panels show vout and ηM as a function of BH bolometric luminosity.
The bottom two panels show mass loading as a function of the surface density of star formation ΣSFR as well as vout versus ηM. All simulation lines are shown
at z = 1 and adopt a consistent minimum stellar mass of M? > 109 M, but otherwise include all galaxies as representative of a mass complete volume-limited
sample. Expanded percentile bands at the [5,95] levels (i.e. 2σ) are shown to highlight the existence of outliers and tails of the distributions. To emphasize the
definitional range, each vout panel includes five velocity percentile ranges (v25 to v99), and each ηM panel includes three velocity cut criteria (0 - 350 km/s).
Observations are taken from Heckman et al. (2000); Rupke et al. (2002); Schwartz & Martin (2004); Rupke et al. (2005); Martin (2005); Weiner et al. (2009);
Chen et al. (2010); Erb et al. (2012); Rubin et al. (2014); Genzel et al. (2014); Bordoloi et al. (2014a); Chisholm et al. (2015); Heckman et al. (2015); Bordoloi
et al. (2016); Cicone et al. (2016); Leung et al. (2017); Fiore et al. (2017); Rupke et al. (2017); Toba et al. (2017); Fluetsch et al. (2018); Roberts-Borsani &
Saintonge (2018); Spence et al. (2018); Davies et al. (2018), and cover a large diversity of galaxy sample selection functions and biases, operational definitions,
measurement techniques, ‘star formation driven’ as well as ‘AGN driven’ outflows, gas phase/ion, and redshift – no homogenization has been undertaken. We
highlight the occupation of existing observational data in these six planes, contrasting against intrinsic trends from the simulation, and emphasize that no direct
comparison is intended or can be made between the observations and simulations. Many observations include or specifically target rare galaxy types, such as
ULIRGS or ultra-luminous AGN, which are not sampled in the TNG50 volume (e.g. SFR > 100 M yr−1, or Lbol > 1045 erg/s). See text for discussion.
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Figure 16. Median radial profiles of star formation rate surface density, in
random projections, at z = 1. Stacked bins of stellar mass, where the half
mass radii of the stars (r1/2,?) is given by the short vertical colored lines
along the bottom edge of the panel. Similarly, 10% of the virial radius is
shown by the short colored lines along the top edge of the panel.
• The lower left panel highlights the relation between ηM and
ΣSFR, an integrated star formation rate surface density, computed
within one times the stellar half mass radius (roughly similar to Re).
As before, depending on velocity threshold, the trend of mass load-
ing with galaxy-integral ΣSFR can be negative, flat, or even possi-
bly positive. At high-z and based on kpc-scale correlations, Davies
et al. (2018) find an increasing trend, suggestive of a small-scale
relationship which warrants an in-depth comparison.
• Finally, the lower right panel shows the relationship between
outflow velocity and mass loading factor. The usual scalings of
ηM ∝ v−1out (’momentum’ driven) and ηM ∝ v−2out (’energy’ driven)
are indicated by the dashed gray lines. The latter is prescribed by
the TNG model at injection (Pillepich et al. 2018a), and we roughly
recover this expectation between ηM of a few and a few tens. In this
range, stellar mass increases leftwards, from M? ∼ 108 M at ηM
of a few tens to M? ∼ 1010.5 M at ηM ∼ a few. High mass, quench-
ing or quenched systems populate the top of this plane, distributed
across all values of ηM as high outliers to the median lines. For
example, at vout ∼ 1000 km/s and ηM ∼ 50. Many of the obser-
vational data points in this regime, for instance of the Fiore et al.
(2017) compilation, are thought to be black hole driven outflows.
The upturn of outflow velocity at ηM & 10 occurs when low-mass
galaxies disappear and M? > 1010.5 M systems set the median. The
monotonic scaling behavior of vout(ηM) breaks down when low-SFR
galaxies begin to dominate at a given mass loading.
Outflow properties are clearly related to galaxy stellar mass,
star formation rate, and black hole activity, as well as the distri-
bution of star formation activity. To emphasize the co-existence of
stellar driven outflows across the mass range where BH activity
also becomes relevant, Figure 16 presents stacked radial profiles of
star formation rate surface density ΣSFR(r) at z = 1 for galaxies of
different stellar masses, from 108 to 1011.5 M.
Overall, the star formation scales up with increasing M? at all
radii. Except for the two highest mass bins, ΣSFR profiles are always
monotonically decreasing away from the galactic center. They have
a characteristic break at ∼ 1 − 2 r1/2,?, outside of which profiles
steepen noticeably. We draw attention to the behavior within the
galaxy body itself at high-mass, where ΣSFR flattens at r < 10 kpc
for M? & 1011 M. For the most massive systems, the profile even
inverts towards the center. This central inversion is also present in
the total gas density profile as well as the gas-phase metallicity pro-
files (not shown), indicative of dilution of the remaining central gas
content by metal-poor inflows.
The drop in star formation (and so gas mass) in the cen-
tral ISM is another example of the ejective character of the low-
accretion mode BH feedback in TNG, which starts to operate at
M? & 1010.5 M. We previously saw evidence for this in Figure 10
as the culprit for the cold phase of the bimodal temperature distri-
bution of outflowing gas. Even though such galaxies are either in
the progress of quenching for the first time, or maintaining their
quenched state, Figure 16 shows that there can be non-negligible,
residual star formation, particularly at characteristic larger radii.
4 DISCUSSION
4.1 The dichotomy of SN versus BH-driven outflows and the
transition to quiescence
As any star-forming gas is eligible to drive a wind-phase in TNG,
galaxies do not by construction require a threshold in ΣSFR such as
the canonical 0.1 M yr−1 kpc−2 suggested in Heckman (2002) as a
requirement to launch a galactic wind (but see Rubin et al. 2014).
In our case, outflowing mass flux will correlate with the spatial
locations of star formation, where the most supernova energy is
available. The suppression of central SF at high M? implies that
stellar feedback driven winds will then become less nuclear and
more extended. At the same time, the co-existence of SF-driven and
BH-driven outflows also becomes inevitable at M? & 1010.5 M (for
example, as seen in NGC 3079; Cecil et al. 2001).
In general, energy inputs from stellar and black hole feedback
are essentially always both present, except in the case where the
halo is not yet massive enough to host a BH seed. That is, one
cannot absolutely separate out the energetic contribution from these
two sources to the production of an outflow, neither in simulations
nor in observations. If part or all of a measured M˙out is generated
due to energy injection from black holes rather then supernovae,
then the denominator in our expression for ηSNM = M˙out/M˙? (Eqn.
4) neglects some if not most of the relevant energetics, as implied
by the ‘SN’ superscript.
It would be tempting to write ηtotM = M˙out/(M˙? + M˙BH) or
ηtotE = E˙out/(E˙SN + E˙BH) and so measure the outflow properties rela-
tive to the total available energetics. However, SN versus BH feed-
back operate at different (spatial) scales, and have different effec-
tive (galactic or halo-scale) coupling efficiencies. For instance, al-
though E˙BH might dominate E˙SN for some main-sequence galax-
ies with rapidly accreting black holes, the resulting thermal AGN
feedback may have little dynamical impact and so not actually be
the cause of any outflows. Conversely, even a quenching or almost
entirely quiescent galaxy may have E˙SN  E˙BH; nonetheless, the
relatively small amount of energy available from the low-accretion
state BH feedback could in practice be solely responsible for a high
mass flux, high velocity outflow, possibly due to the spatial (i.e. nu-
clear) or temporal (i.e. rapid) coherence of that energy injection, or
due to the physical/numerical coupling mechanism.
These differences leave signatures in properties of contempo-
raneous outflows. In TNG, the process of reddening and migration
away from the blue, star-forming population is tied closely to a
threshold in black hole and so stellar mass (Nelson et al. 2018a). As
a result, the galactic-scale winds which arise from galaxies in dif-
ferent locations of the SFR−M? plane (and with different BH prop-
erties) directly constrain underlying assumptions of the feedback
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models. Emblematically, Figure 13 reveals the correlation of vout
with ∆SFMS as well as its inversion into an anti-correlation above a
particular mass scale. Feedback also leaves signatures in the resid-
ual star formation of the galaxy itself – Figure 16 demonstrates
that the evolutionary process of quenching proceeds ‘inside-out’
in TNG, with star-formation truncated in the center of the galaxy
first. IFU survey data at low redshift will unambiguously measure
the spatially resolved progression of SFR through the transition to
quiescence (Belfiore et al. 2017), providing stringent and comple-
mentary constraints to the galactic outflows themselves.
Observationally it has been noted that, at least in the local uni-
verse, ‘normal’ AGN-host galaxies do not show a clear difference
in outflow prevalence or properties when compared to non-AGN
control samples (Sarzi et al. 2016; Roberts-Borsani & Saintonge
2018). This may come down to the timescale issue, given that the
BH need not be ‘on’ and injecting energy at the moment of ob-
servation, although a recent (i.e. Myr-scale) outflow could still be
present (Fo¨rster Schreiber et al. 2014; Gabor & Bournaud 2014).
As shown in Figures 2 and 3, Myr-timescale variability at the en-
ergy injection scale can produce a coherent, large-scale BH-driven
outflow which lasts for at least several hundred million years. In
Figure 15 we noted only weak dependencies of both ηM and vout on
instantaneous black hole luminosity, likely due in part to this issue.
At the same time, it is evident that the highest velocity BH-
driven outflows in the TNG50 simulation do not arise from high lu-
minosity quasars (e.g. with space densities n . 10−7 Mpc−3), which
are not present in the small volume. Instead, they are generated
from low-accretion rate BHs for which the model posits a non-
relativistic wind mechanism produced by a radiatively inefficient
flow (Blandford & Begelman 1999). In TNG black holes which are
slowly accreting and have low bolometric luminosities can drive
some of the most powerful outflows.
Observational evidence has emerged in this direction, prob-
ing low accretion rate black hole populations possibly underrepre-
sented in previous surveys (Cheung et al. 2016; Penny et al. 2018).
Observational constraints on the outflow properties as well as the
mass distribution of low luminosity AGN, particularly as a function
of location in the SFR−M? plane and so in relation to the quench-
ing state of the galaxy, will provide an important assessment of the
TNG black hole model in the future.
4.2 Towards quantitative comparisons with observations
Outflows are usually observed through the Doppler shift of specific
gas tracers, either through blueshifted features in absorption (e.g.
Steidel et al. 2002), or through broad line components in emission
(e.g. Heckman et al. 1990). In both cases several complexities arise
which make the inference of intrinsic physical values difficult.
First, the outflow signature itself must be separated from the
host. Studying kinematics using absorption spectra when the galaxy
stellar continuum is the background source is complicated by exis-
tence of strong stellar absorption features in the same lines; Chen
et al. (2010) find for instance that ∼ 80% of Na D in stacked SDSS
spectra arises from stellar atmospheres – careful subtraction is re-
quired and the signal of interest represents a potentially small resid-
ual. Handling emission which partially fills in absorption signatures
from the ISM or resonantly scattered emission similarly requires
careful modeling to back out the intrinsic absorption (e.g. for FeII
and MgII; Zhu et al. 2015). Outflows derived from emission lines
also face difficulties, particularly in the decomposition of narrow
and broad-line components, inclination corrections, the treatment
of the complex underlying ISM kinematics, and the diverse excita-
tion mechanisms for nebular lines (Newman et al. 2012). Signifi-
cant assumptions are still required to convert observed line proper-
ties into e.g. mass outflow rates or mass loading factors; in particu-
lar, on the geometry, metal content, and ionization state of the out-
flowing gas. The uncertainties therein are significant (Murray et al.
2007; Chisholm et al. 2016), and ignoring or improperly account-
ing for galaxy-to-galaxy variation in assumed metallicity, ioniza-
tion corrections, and outflow radii can introduce a factor of ten un-
certainty in M˙out, possibly hiding (or producing misleading) trends
(Chisholm et al. 2017). For a mass conserving outflow with density
varying only as a function of distance from the galaxy, the expres-
sion for mass outflow rate is
M˙out = Ω r2 µ(r) nH(r) vout(r) (6)
where nH(r) is the hydrogen number density, vout(r) is the depen-
dence of the outflow velocity on distance, Ω = 4pi for a unity cov-
ering factor, and µ(r)/mp the mean molecular weight. In terms of a
column density NH observed along the line of sight, the mass flow
rate across a shell at radius r is
M˙out(r) = Ω r µ(r) NH vout(r). (7)
Alternatively, given a total, uniform mass Mgas at a constant
outflow speed vout within an outer radius of rout, dimensional anal-
ysis yields an even simpler expression for total outflow rate of
M˙out = Mgas vout r−1out. (8)
In all cases, observations must assume values for Ω and rout,
which are largely or entirely unconstrained (Harrison et al. 2018).
The functional form of vout(r) is also typically unknown and often
assumed to be constant, taking some derivable characteristic veloc-
ity. Finally, whatever phase of the gas is observed represents only
a fraction of the total outflow (Cicone et al. 2018), and for metal
ion lines this can be a truly minuscule component. Inversion to the
total hydrogen mass is therefore crucial, and yet also error prone
due to the large correction factors. These complexities, which to-
gether accumulate into large uncertainties, motivates a comparison
in the other direction. That is, forward modeling of the simulation
outcome into the space of direct observables.
From the simulation side, there are several difficulties in mod-
eling the actual gas phases. First, many important observational
tracers are very cold, dense phases at T . 104 K, including neu-
tral or molecular gas. This is an unresolved regime in many current
cosmological models, due primarily to resolution limitations. Sec-
ond, a standard ionization post-processing treatment, as commonly
applied in studies in the low-density CGM for instance, is insuffi-
cient. This is because local radiation sources are important so close
to the galaxy, from stars as well as possibly a central AGN, which
are present in addition to the uniform, meta-galactic background.
A treatment here would require an expensive, essentially radiative
transfer calculation to derive the total incident radiation on each gas
parcel, as well as assumptions on free parameters such as escape
fractions from young stars. In addition, the ionization calculation is
complicated by non-equilibrium effects due to rapid temporal evo-
lution, as arise in shocks. This is a difficult problem even for spe-
cialized photoionization codes (e.g. MAPPINGS; Sutherland et al.
2018). It is also unclear how to efficiently capture the needed short
time-scale information from a cosmological simulation.
Overcoming these challenges would imply a level of modeling
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detail which would also enable direct predictions of synthetic neb-
ular emission lines from the ISM itself (Gutkin et al. 2016; Byler
et al. 2017), as well as extended and extraplanar ionized gas reser-
voirs (e.g. Jones et al. 2017), in the context of cosmological galaxy
simulations (Hirschmann et al. 2017). This is the inevitable direc-
tion of future modeling efforts and will be an important step to
bridge the gap between hydrodynamical simulations and many of
the most accessible and important observational probes of galax-
ies. For outflows, we will then be able to directly calculate phase-
specific predictions – for example, ηM,MgII or vout,Hα. This will fa-
cilitate direct quantitative comparisons with observables, and allow
us to assess the ‘tip of the iceberg’ effect and the importance of gas
phases missing in current observations of galactic outflows.
5 CONCLUSIONS
In this work and together with the companion paper Pillepich et
al. (2019) we have presented the new TNG50 simulation, the third
and final volume of the IllustrisTNG project. TNG50 has been de-
signed to overcome the resolution limitations inherent in cosmolog-
ical simulations by sampling a large, statistically representative vol-
ume at unprecedented numerical resolution. Leveraging this new
resource, we describe a first exploration of the properties of galac-
tic outflows – driven by both supernovae and black hole feedback at
z > 1 – in the cosmological setting and with respect to the galaxies
from which they arise. By resolving the internal structure of indi-
vidual galaxies, TNG50 enables us to study the connection between
small-scale (i.e. few hundred pc) feedback and large-scale (i.e. few
hundred kpc) outflows. The diversity of galaxies and outflow prop-
erties realized in the fully representative galaxy sample of TNG50
highlights the importance of the large cosmological volume. We
summarize our principal results:
• The new TNG50 simulation occupies a unique combination
of large volume and high resolution, with a 50 Mpc box sam-
pled by 21603 gas cells. This provides a baryon mass resolution of
8 × 104 M and an average spatial resolution of star-forming ISM
gas of ∼ 100 − 200 parsecs. This resolution approaches or exceeds
that of modern ‘zoom’ simulations of individual galaxies, while the
volume contains ∼ 20,000 resolved galaxies with M? & 107 M. It
offers an unparalleled view into the small-scale structure of galax-
ies and the co-evolution of dark matter, gas, stars, and supermassive
black holes from dwarfs to massive ellipticals. (§2.1 and §3.1)
• By measuring mass outflow rates around galaxies we quan-
tify the mass loading factor ηM = M˙out/M˙? as a function of stellar
mass, redshift, distance, and velocity. Whereas the TNG model in-
put value for ηM at the injection scale of stellar feedback monoton-
ically decreases with M?, this is not the case for the emergent out-
flows at 10 kpc. Instead, the mass loading inverts and rises rapidly
for M? & 1010.5 M. As a result, ηM(M?) has a broken ‘v’ shape:
the low-mass behavior is regulated by stellar feedback, while the
high-mass behavior is set by the energetics and coupling efficiency
of BH feedback, as it begins to drive strong outflows away from
quenching, low-SFR systems. Strong outflows reach larger dis-
tances towards low redshift, and ηM decreases monotonically with
increasing galactocentric distance for r > 10 kpc. (§3.2)
• We extract the velocity of outflows as a function of M?, red-
shift, and distance, characterizing heterogeneous vout distributions
around individual galaxies through mass flux weighted velocity
percentiles such as vout,95. In this case, median outflow velocities
increase from ∼ 200 km/s at M? = 107.5 M to ∼ 1000 km/s at
M? = 1011 M. At fixed stellar mass, outflows are faster at higher
redshift, by roughly a factor of two from z = 1 to z = 6. Despite
a ‘minimum’ launch velocity of 350 km/s imposed by the TNG
model, low-mass galaxies host much slower outflows due to re-
solved halo drag. At the Milky Way mass scale, despite high wind
velocities of & 800 km/s prescribed by the model, the bulk of out-
flowing material escapes the galaxy at ∼ 150 km/s. The provided
scalings vout ∝ Mα? depend on redshift and velocity percentile, and
vout always declines with galactocentric distance. At the high-mass
end, BH feedback produces high-velocity outflows at speeds ex-
ceeding ∼ 3000 km/s to 20 kpc and beyond into the inner halo.
(§3.3)
• Outflows from TNG galaxies are multiphase, and different
phases have different kinematics. In the temperature distribution
of outflowing gas, the dominant component is a ‘hot’ phase whose
peak temperature increases with the virial temperature of the host
halo gas. At M? & 1010.5 M, however, a second cool outflow com-
ponent emerges, resulting in a bimodal outflow temperature distri-
bution. This colder gas is also denser, and is a direct consequence of
ejective BH-driven feedback launching formerly nuclear ISM ma-
terial out into the halo. The highest outflow velocities are achieved
by the hottest outflow phases. (§3.4)
• Despite the directional isotropy of all energy inputs from both
SN and BH feedback mechanisms, outflows are found preferen-
tially aligned with the minor axes of galaxies. These bipolar out-
flows are therefore an emergent feature of our simulations, resulting
from hydrodynamical collimation. Strong angular anisotropy is ev-
ident already by ∼ 10 kpc, and persists out as far as strong outflows
are present (& 50 kpc at least). It exists at both low and high mass
scales, where SN and BH feedback, respectively, dominate the pro-
duction of galactic-scale outflows. Collimation increases with time,
being ubiquitous by z = 1 but difficult to convincingly demonstrate
even at z = 2. We speculate that this redshift trend is associated
with the epoch of disk settling, where the rise of orderly rotating
gas structures helps to sculpt outflow propagation. (§3.5)
• We demonstrate a correlation of vout with ∆SFMS, such that
star-forming galaxies above the main sequence drive faster winds
than otherwise. This relationship inverts for M? & 1010.5 M, where
quenching galaxies far below the main sequence launch the fastest
outflows as a result of BH feedback. (§3.6)
• We measure the trends of outflow properties (vout and ηM) with
galactic star formation rate, black hole bolometric luminosity, and
the spatial distribution and concentration of star formation activity.
Where available we compare against a large, heterogeneous mix of
observations spanning all possible galaxy types and selections, red-
shifts, gas phases, and outflow tracers. While data occupies similar
parameter ranges as our intrinsic predictions from TNG, a robust
comparison with observations of outflow properties requires addi-
tional modeling. In TNG, low luminosity, slowly accreting black
holes can drive some of the most powerful outflows. (§3.6)
In the future, similar measurements of outflow properties can be
made in other hydrodynamical cosmological simulations, facilitat-
ing meaningful comparisons of the feedback physics implemented
in different models. This will be particularly powerful because the
gas dynamics of resolved outflows and halo-scale flows in general
are followed faithfully without subgrid prescriptions. It remains to
be seen if other models can produce similarly realistic galaxy pop-
ulations with radically different outflow properties, or vice versa.
In this work we have shown that inputs and parameters of
the feedback model at the injection scale differ from the emergent
properties of galactic-scale outflows. Despite the relative simplicity
of the physical assumptions invoked on the smallest scales, the re-
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sulting outflow properties are diverse and complex. That is, model
parameterizations do not translate directly into observable outflow
signatures. The rich phenomenology of outflows encodes the effec-
tive functioning of feedback physics and provides a unique way to
study the impact of the baryon cycle on galaxy formation.
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Figure A1. (Top) As in the main panel of Figure 5, the trend of ηM as a
function of M? at z = 2. However, instead of exploring several constant
outflow velocity thresholds, we recast these in terms of the increasing halo
virial velocity v200. (Bottom) As in the main panel of Figure 6, the trend of
vout as a function of M? at z = 2 and at a distance of 20 kpc.
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APPENDIX A: HALO-NORMALIZED VELOCITIES
In this Appendix we revisit two primary results, namely the trends
of mass loading and outflow velocity as a function of stellar mass.
For ηM (M?) we change the vrad threshold from a constant value in
km/s to a threshold which scales with the halo mass. We likewise
present the trends of vout(M?) with a halo-based normalization. In
both cases, we take a halo virial velocity defined as v200, using the
spherical overdensity measurements for each halo. For reference,
at z = 2, v200 increases from ∼ 25 km/s at M? = 108 M to ∼ 100
km/s at M? = 1011 M, reaching ∼ 150 − 200 km/s only for the
most massive M? & 1011.5 M galaxies.
The top panel of Figure A1 shows ηM as a function of M? for
four different thresholds: vrad > {0, 1, 5, 10}v200. As with a constant
threshold, increasingly restrictive choices lead to lower measured
mass outflow rates and hence mass loading values. For reasonable
choices of velocity threshold, the results of Figure 5 at the high-
mass end are qualitatively and quantitatively similar. ηM still shows
a minimum at M? ∼ 1010.5 M, rapidly increasing above this mass
due to strong BH-driven winds.
The main difference arises at the low-mass end, where the
use of a halo-normalized velocity threshold allows slow outflows
driven by relatively shallow potential halos to still contribute. As a
result, no threshold value causes a turnover and subsequent decline
of ηM towards the smallest stellar masses, as was the case for the
vrad > 150 km/s and vrad > 250 km/s choices of Figure 5. Based on
this zeroth order comparison with halo circular velocity, it is clear
that low mass galaxies continue to drive outflows which are ‘fast’,
relatively speaking.
In the bottom panel of Figure A1 we show the trend of out-
flow velocity as a function of stellar mass, again at z = 2 and for
a fixed distance of 20 kpc from the galaxy. In contrast to Figure
6, velocities are in each case normalized to v200 of the parent halo.
Three different percentiles are contrasted: vout,50, vout,75, and vout,95.
As expected, measurements further into the tails of the distribution
reveal gas flowing at larger velocities relative to the halo velocity.
The trend with M? in the first two cases is roughly constant, and the
typical outflow velocities are between ∼ 2 − 5v200 and ∼ 4 − 7v200,
respectively. The high velocity tail starts to reveal different behav-
ior, increasing relative to v200 at both the low mass and high mass
ends. The former can be understood in terms of the minimum in-
jection velocity of 350 km/s for the TNG wind model, and the lat-
ter in terms of the rise of fast BH-driven outflows. In both cases
the fastest moving components of the outflow can exceed 10v200 at
these distances.
